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CHAPTER I 
INTRODUCTION 
A .  The Purpose of  This Research 
One of the major problems associated w ith the operation of nuclear 
reactors is the radioact ivity hazard caused by the release of f iss ion 
products from the fuel . In a sol id-fuel reactor , the uranium is usually 
present as an alloy or in the form of uo2, e ither in the pure state or 
mixed with other oxides which improve the thermal and mechanical properties 
of the material . As the fuel mater ial undergoes f iss ion in the reactor , 
rad ioact ive f is sion products are produced . If  they were not prevented 
from doing s o ,  these f is s ion products would d iffuse out of the fuel ma­
terial , enter the reactor coolant as it f lows past the fuel, and be 
carried from the reactor . The magnitude of the hazard thus created de­
pends on the type of reactor , the reactor power , shield ing of the coolant 
l ines , and other factors . In a reactor where the coolant makes only a 
s ingle pass through the system , such as the air-cooled graphite reactors , 
the f is sion products are d is charged into the atmosphere or into s ome  
coolant s ink. This s ituation i s  usually unacceptable from a health stand­
point . If the coolant flows in a closed loop , as in most present day 
water-cooled reactors ,  the f iss ion products build up in the coolant , pro­
duc ing a rad iat ion hazard in the coolant loop . 
In most reactors the f iss ion product release is prevented by clad­
d ing the fuel  elements with a metal sheath impervious to f is sion products . 
The fuel elements for the oldest operat ing reactor , the ORNL Graphite 
2 
Reactor , are natural uranium s lugs clad with aluminum. 1 Many of the later 
gas-cooled and water-cooled reactors have ut ilized aluminum or aluminum 
alloy cladd ing over a central uranium-containing core .2 Another metal 
widely used for cladd ing ,  both in the pure form and as an al loy ,  is zir­
conium . 3 However ,  no clad process  has yet been found which is completely 
failure-proof ; for this reason ,  a f is s ion product detector of some kind is 
often placed in the exit coolant from a reactor . Any leak or failure in 
the cladding wil l  be ind icated by this detector ; if the cond it ion is 
serious, the defective fuel eleme..,t can be located and replaced . 
As requirements for higher temperature fuel elements have come about , 
advanced metallurgy and ceramic technology have been used to aes ign .new 
fuel elements . These prototype fuel elements are subjected to regular 
mechanical and phys ical integrity test ing dur ing the course of the ir de­
velopment . If they prove sat isfactory in these respects , they are usually 
operated in a test reactor ( such as the Materials Testing Reactor , MTR , or 
the Oak Ridge Research Reactor , ORR) before they are f inally cons idered 
rel iable for reactor construct ion purposes .  
The General Electric Company , Aircraft Nuclear Propuls ion Depart­
ment , has undertaken the respons ib il ity for construct ion of a d irect cycle , 
air cooled aircraft propuls ion reactor . 4 In this reactor, heat is trans­
ferred d irectly from the fuel elements to  the cooling air ,  which makes a 
s ingle pass through the system. From a reactor standpoint , the develop­
ment problems are similar to that of a gas-cooled power or research re­
actor. The principal difference is in the higher temperature requirement , 
and of course the severe weight limitations . In development of a gas-cooled 
3 
reactor , a large safety margin is maintained between fuel element operat ing 
temperature and fuel element failure ( or cladding failure) temperature . In 
the ANP reactor , the temperature of the fuel elements will be kept as near 
the failure temperature as is feas ible . In f act , a certain small release 
of fission products from such a reactor could probably be tolerated because 
of the mil itary appl icat ion of the powerplant . Development of high­
temperature fuel elements has been underway cont inuously s ince the inception 
of the program. 
A fac ility has been made available to the GE-ANP project by the Oak 
Ridge Nat ional Laboratory for dynamic test ing of prototype fuel elements . 
One pos it ion in the Low Intens ity Testing Reactor (LITR) and one in the 
Oak R idge Research React or are in use . The Oak Ridge Research Reactor 
system util izes hole F-2 , a core position in the reactor latt ice . Cooling 
air f or fuel specimens tested in this pos it ion is furnished by large compres­
sors , located just north of the ORR build ing.  Depend ing on the fuel load­
ing of the spec imen under test and its heat transfer character ist ics , the 
air flow can vary between 10 and 100 cub ic feet per minute over the test . 
In order to evaluate properly the specimen be ing tested. it is des irable 
to know the f is s ion product concentration in the exit air at all times . 
For this purpose. the F-2 test system incorporates several devices for 
monitoring the exit air activity , s imilar to the fission product detectors 
used in gas-cooled reactors . This research is an evaluation of one of 
those devices . 
4 
B .  Measurement of Radioactivity in Gases 
1. Counter Adaptations 
The methods for detecting and measuring fission product concentra­
tions, whether in liquid or gaseous media, nearly all depend on counting 
the emitted � and }'rays. Thus any of the usual counting methods can be 
adapted to detection of fission products. Since sampling of gaseous and 
liquid media present slightly different probletns, only the methods useful 
in analysis of radioactivants in gas will be examined in detail. 
Most of the work in adapting counters for measurement of radio-. 
activity in gases has been for the purpose of determining the disintegra­
tion rate of weak beta emitters: principally carbon-14 and hydrogen-3 
(tritium). A number of investigators have used Geiger-Mueller and propor­
tional counters for this purpose. One of the earliest modifications to be 
used for quantitative work in radioactive gas analysis is described by 
Kummer.6 This consisted of an end-window Geiger�ueller tube of the usual 
type, with a very thin window. Attached directly to the end of this tube 
was a chamber through which the radioactive gas was passed. The Geiger­
Mueller tube window was thin enough so that when carbon-14 was introduced 
into the chamber in the form of carbon monoxide, the weak carbon-14 beta 
would penetrate the window and produce counts in the tube. The self­
adsorption of betas by the carbon dioxide gas is considerably less than 
in the most frequently used carbon-14 analysis method, the counting of 
solid barium carbonate; furthermore, the system could be easily adapted 
to continuous flow analysis of carbon-14 dioxide gas. Such a use of this 
counter is described in connectio� with gas chromatography studies by 
5 
7 Kokes , Tobin and Emmett . These workers used the counter to detect the 
var ious tracer-labeled components carried by the sweep gas as it passed 
through the adsorption column . 
The end-window Geiger-Mueller tube , although more sens itive for 
carbon-14 analys is than sol id barium carbonate counting , is quite fragile 
and s t ill absorbs a portion of the weak ( �0. 15 Mev maximum energy) carbon-
14 betas . For many years , windowless counters have been in use in which a 
suitable count ing gas environment in the active volume is provided by a 
slow flow of a counting-gas mixture through the tube . These counters are 
usually operated in the proportional region ; the sample is customarily 
introduced ( as a sol id)  on a small planchet at the bottom of the tube . 
S ince it seemed reasonable that a rad ioact ive gas could be mixed with or 
replace the counting-gas to give increased sens it ivity to weak beta part i-
cles , a number of counters employing this princ iple were constructed . A 
proport ional counter will function as a count ing device with  almost any 
filling gas , but the counting character ist ics of the tube are not as re-
producible and clear-cut with non-convent ional gases unless adequate pre-
,. 
cautions are taken. One of the determinations of the half-life of carbon-
14 was made with a proportional counter f illed with carbon-14 d ioxide .8 
Robinson9 made full use of the sens it ivity inherent in the des ign by 
adapt ing it to hydrogen-3 counting. The very weak hydrogen-3 beta particles 
(maximum energy 0 . 055 Mev) are extremely diff icult to count accurately by 
convent ional methods . In this early counter ,  the glass counter walls con­
st ituted a source of some diff iculty . 
A later mod if icat ion using a metal-wall counter was descr ibed in 
1955 . 10 The hydrogen-3 is introduced into these counters as part of a 
labeled methane molecule; since methane is a normal constituent of many 
counting-gas mixtures, a proper counting environment for the tube is 
easily provided. 
6 
Wolfgang and Rowlandll used a direct-flow proportional counter for 
radioassay by gas chromatography of hydrogen-3 and carbon-14 labeled 
compounds. The sweep gas was helium, which passed through the counter 
with the chromatographic column effluent. In order to give the gas mixture 
the proper counting characteristics, methane was injected into the system 
between the column and the counter. 
An excellent summary of the capabilities of this type of counter, 
along with details of counter construction, is given by Wolfgang and 
Mackay.12 A proportional gas counter, used for non-continuous batch assay 
of gases, utilizes P-10* counting gas along with the radioactive gas in­
troduced into the active volume of the counter. This counter is abo ut 95 
per cent efficient, and will give the disintegration rate of a sample 
directly when a few small corrections are applied. The counter is easily 
taken apart for decontamination. A gas flow counter, similar to the batch 
counter but for continuous flow applications such as gas chromatography, 
is also described. The counter is windowless and can therefore be used 
for carbon-14 and hydrogen-3 without calibration. A window flow counter 
can be used where there are no requirements for counting weak betas. The 
window counter comes in three sections; the center one is a long flat rec­
tangular compartment having the windows, through which the sample flows. 
The other two sections are hollow semicylinders, each of which has a 
*P-10 is a mixture of 10 per cent methane and 90 per cent argon. 
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collecting wire down the center . When these parts are clamped together, 
a counting gas such as P-10 is flowed through the counting sections . The 
window thickness can be adjusted to absorb all bydrogen-3 betas , but still 
pass carbon-14 betas so that carbon-14 can be assayed in the presence of 
hydrogen-3 .  Counters analogous to these three types have been used in a 
1 3-18 number of cases . 
As a device for count ing the weak.betas for which it was deslgned , 
the gas flow counter has no competitor except a ·very sensitive ion chamber .  
Although des igned for weak betas , these counters work well for any beta 
emitter and could be read ily adapted to assay of f iss ion gases in air .  
There is one serious l imitat ion to the use of these counters for this kind 
of work , and that is the ir inherent low maxim�m counting rate . Above about 
4000 counts per second , most proportional counters begin to saturate , and 
.the long dead-t ime makes large correct ions necessary . 
Scint illat ion counters are capable of much higher count ing rates 
than Ge iger�ueller tubes , but they have found l ittle appl icat ion in gas 
analysis . The main reason for this is the low sens it ivity of scintillators , 
caused by the poor geometry of a sol id scint illator embedded in the wall of 
the gas container . Also , sc int illators present certain diff icult ies in 
detect ion of weak betas , which have been the main concern of persons in-
terested in gas analys is . However, scintillat ion counters have certain 
advantages not found in Ge iger-Mueller tubes and ion chambers , pr incipally 
the ab il ity to resolve gamma-ray spectra . 19•20 
One method of us ing s�intillators which provides an eff iciency of 
about 75 per cent for alpha-count ing is described by Van Dilla and Taysum. 21 
a 
A glass gas chamber with a volume of 120 cm. 3 , which was designed specifi­
cally f or radon counting, was mounted directly on the end of a RCA-5819 
or Dumont-6292 phototube. The entire inside surface of the container was 
coated with a film of zinc sulfide, and the outer surface (except f or the 
bottom) was painted white. The gas was admitted through a valve; scintil­
lations on the zinc sulfide are reflected back into the phototube giving 
nearly 2 7f geometry. 
Another ingenious method which improves the efficiency of scintil­
lators f or gas counting is the use of a gaseous scintillator in a container 
attached to the phototube. Considerable success had been obtained in the 
use of liquid scintillators; a weak �-emitter or other radioactivant was 
22 
dissolved in a liquid scintillator such as solutions of an alkali halide, 
then the mixture was poured into the counting chamber. Scintillations 
originating throughout the mixture were then counted by one or more photo­
tubes mounted at the edges of the chamber. In analogy to this, a number 
of investigators have made use of scintillations in the rare gases to pro­
vide a means of radioassay. Bggler and Huddleston23 first reported scin­
tillations in gases detectable with photomultiplier tubes. They found that 
a wavelength-shifter between the scintillating gas and the photomultipl ier 
was necessary to provide light of the correct frequency to initiate photo­
tube action. In a counter they developed,24 argon was used as the scintil­
lating gas to detect alphas and other heavy particles, such as fission re­
coil nuclei (from a fission event occurring within the chamber). Other 
counters used xenon as the scintillator25 or a mixture of gases including 
at least one noble gas.
26 These counters were all quite insensitive to 
beta and gamma rays, and therefore unsuitable for fission product assay, 
although future developments in this field may erase these limitations. 
9 
Another solution to the sensitivity problem is the use of high­
pressure gases in the chamber attached to the phototube. Drickamer27•28 
and his co-workers developed methods for the determination of the activity 
of high-pressure gases, by a batch-wise process. Their gas chamber was 
under such high pressure that a light-pipe of considerable length had to 
connect the scintillator to the phototube. Their experiments involved 
tagged carbon-14 and sulfur-35 atoms. Another counting system has been 
developed which monitors a flowing gas continuously. 29 This utilizes an 
anthracene crystal to detect the betas given off by sulfur-35, which is 
incorporated into hydrogen sulfide gas. The tagged hydrogen sulfide, in 
a mixture of water vapor, carbon dioxide, and hydrogen sulfide, was 
counted as it passed over the crystal and the result interpreted, with 
other measurements, to give the exact composition of the vapor at all 
thnes. 
A direct approach to gaseous flow counting was used by Evans and 
Willard. 30 They used a thin wall, 1 ml. glass thUnble in a sodium iodide 
(thallium activated) scintillation well crystal. The effluent gas from 
a gas chromatograph flowed directly through the thimble; gamma-emitting 
tagged compounds gave peaks in count-rate as they were eluted from the 
column. Embedding the thimble in a well crystal improves the geometry 
considerably. Actually, the high efficiencies and favorable geometries 
which most investigators have sought in developing scintillation gas 
counters would probably not be necessary or even desirable in monitoring 
10 
air containing f iss ion products from a reactor or fuel  test . The count 
rates for almost any gas coming from a reactor will be cons ide�ably higher 
than the activit ies normally used in tracer gas , even if no f ission products 
are being released into the gas stream. 
The third method in common use in determining the rad ioact ivity of 
gases employs ion chambers . These versat ile electronic devices have been 
used over the entire range of rad ioact ivity measurement from thousands of 
roentgens per hour to a few d is integrations per minute .31•32 In fact , 
s ingle inst�ments can be made to cover several decades of counting rate 
by appropriate switching arran�ments . One of the early applicat ions of 
ion chambers was in measuring the weak carbon-14 betas . S ince the volume 
of the ion chamber can be f illed with the rad ioactive gas , and all of the 
ionization produced by the rad ioactive part icles col lected and measured , 
ion chambers are quite suitable for measurement of weak betas and alphas . 
In the ion chamber of Henriques and Margnetti ,33 carbon-14 d ioxide was 
used to f ill  the spherical chamber ;  a voltage was appl ied and the current 
produced was measured by a �auritzen electroscope . This apparatus is very 
sens itive .  A more convenient way of measuring ion chamber currents is with 
the vibrating reed electrometer . Jesse , Hannum, Porstat and Hart34 used 
the vibrat ing reed and Lindemann electrometers in their measurement of 
carbon-14 d ioxide activity. Their ion chamber had a volume of 150 cc . ,  
which is about the s ize of most chambers used in tracer work, and was 
operated at atmospheric pressure . 
One of the most sens itive ion chambers reported was used for measur­
ing the d is integrat ion rate of hydrogen-3 .35 Currents down to lo-13 ampere 
were measured d irectly ;  lower currents were detected by charging a condenser ,  
11 
then measuring the charge on the condenser. Voltages between 90 and 450 
volts were used with little change in relative current over this range, 
unless saturation occurred. When the activity inside the chamber produces 
ions at such a rate that an appreciable fraction will recombine before 
they can be collected, then the chamber is saturated. The upper voltage 
cannot be raised much highe,r because electron multJ,pltcation starts. The 
lower limit of sensitivity was� 5 x lo-16 ampere, which corresponded to 
25 counts per second • .  With care in·calibration, a·tritium,analysis was 
accu�ate to better than.! l.per cent.: 
Janney and Moyer36 give procedures for routine carbon-14 dioxide 
analysis, and give an error analysis of ion chamber measurements. Carbon-
14 dioxide is usually made from solid barium carbonate by reaction with 
sulfuric or other acid. The circuitry for ion chambers used in carbon-14 
analysis is treated extensively by Brownell and Lockhart, 37 who also give 
a procedure for gas counting by ion chambers. The measurement of gamma­
rays in gas-filled ion chambers is somewhat different than beta measure­
ments; for good sensitivity and reproducibility, it is desirable to have 
the emitted radiation completely adsorbed in the volume of the chamber 
and all of the ions c·onected. Because of the long range of gamma rays, 
many of the gammas in a gas-filled chamber will escape and not be counted. 
However, gamma-sensitive ion chambers have been made. Bullen38 describes 
an ion chamber used in radioassay work, which is sensitive to betas and 
gamma emitters over thS range of 20 microcuries to 400 millicuries. High­
pressure ion chambers for counting solid or liquid gamma sources, inserted 
into a well in the chamber, are common; they do not encounter the gamma-
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escape problem of a gamma-emitt ing gas f illed chamber .  In general , any 
ion chamber must be cal ibrated with the particular isotope to  be counted 
in order to  give accurate d is integration rates s ince the number of ions 
formed var ies with the energy and type of emitted rad iation. 
Ion chambers have also  been used in continuous flow experiments . 
Riesz and Wilzbach39 used an ionizat ion chamber in the effluent l ine of a 
vapor chromatograph. 40 Wilson and Calvin used a cont inuous flow ion 
chamber to monitor and record carbon-14 d ioxide activity. The carbon 
d ioxide pressure in the chamber was also recorded and a correction madet 
so·that the d is integrat ion rate could be accurately obtained. An ion 
chamber which has found some appl icat ion in detect ion of rad iogases was 
invented by Kanne .41 This chamber was evaluated by Fitzgerald and 
Borellt . 42 The Kanne chamber is quite larget having a volume of about 
16 l iterst and is used f or rad ioanalys is of air .  A de-ionizer removes ions 
and dust-bqrne rad ioact ive material before the air enters the sensitive 
volume of the chamber .  The air f ollows a folded-fl� path within the 
chamber before it is d ischarged; only d is integrations taking place during 
this time are counted . The chamber is sens it ive primarily to beta rays; 
it must be cal ibrated for each beta-emitting gas to be assayed . 
A valuable summary of ionizat ion chamber assay of rad ioact ive gases 
is found in UCRL-3499 , by Tolbert .43 Construction of the Borkowski44 and 
Tolbert-Carey ion chambers is describedt and the general operating char-
acterist ics of ion chambers is d iscussed . The author states that an 
accuracy of ! 0 . 2 per cent in ion chamber measurements on rad ioact ive gases 
can be obtained. Procedures in carbon-14 d ioxide and hydrogen-3 cont inuous 
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assay are given; the output of the ion chamber is amplified and recorded 
d irectly on a striP-chart recorder . Ion chamber calibration , an �portant 
phase of quantitative work , is explained in detail . 
Other methods of rad ioassay of gases ,  not directly involving counters , 
have been tried . None of these methods have proven useful for f iss ion 
product measurement. 
2. !,!! Sampling 
Although the term "fiss ion gas" should strictly apply only to  the 
fission-produced xenon and krypton isotopes , nearly any of the fission 
products released by a fuel element into a moving stream of air will be 
entrained by the air and carried out of the reactor . These radioactive 
atoms or molecules e ither are adsorbed on dust part icles in the air ,  or 
form colloidal agglomerates which are eas ily suspended in the air .  The 
amount and nature of the act iv ity , with the velocity and temperature of 
the air determine how well  the material will remain in suspens ion ;  some 
of the less-volatile f iss ion products are entrained in hot air and then 
plate out along the exit air duct ing when a cooler region is reached. 
A variety of equipment and techniques is used in sampling the 
atmosphere for rad ioactive contaminants. 45 Moat of these techniques were 
developed for health-phys ics monitor ing of the air ,  but can be adapted to  
s ituations in which the act ivity levels are much higher . Even the noble 
sases xenon, krypton and radon are sometimes present , adsorbed on part ie-
ulate matter in the air ,  espec ial ly at low concentrat ions, and they can 
be sampled by some methods . S ince the amount of rad ioact ivity in the 
atmosphere is usually small' , the rad ioactivanta are f irst separated out 
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and concentrated by some means , and then counted. 
A method for detect ing hydrogen-3 in the atmosphere by continuous 
monitoring has been worked out at Los Alamos.46 This method does not de-
pend on separat ion of the activity; it is analogous to certain of the gas-
analys is method s  d iscussed in the last section .  A motor-driven blower 
pulls a ir cont inually through an ion chamber ,  where the ions present from 
hydrogen-3 d is integrat ions are collected . On the most sensitive scale , 80 
m1crocuries of hydrogen-3 per cubic meter of air give a full read ing. This 
"tritium sniffer" was hooked up to a system which sounded an alarm when a 
dangerous concentrat ion level was reached . One d ifficulty with this instru-
ment is that any source of ionizat ion near the monitor , !·!·• f lames , will 
set the monitor off .  
The separat ion of dusts and mists from air has been under study for 
many years . The Chemical Engineer's Handbook47 gives a summary of several 
separators used industrially ;  some of these systems have also been used to  
clean up the effluent from gas cooled reactors . The Rad iat ion Hygiene 
Handbook45 lists a number of separat ion methods which have been used for 
air sampling. These include f ilters , charcoal trapping , impingers, im-
pactors , thermal prec ipitators , and electrostatic precipitators . The most 
common of these aerosol separat ion methods is air f iltrat ion .  
One of the f irst theoret ical approaches to  air f iltrat ion was de­
vel oped by Langmuir . 48 His theories were invest igated and mod if ied sl ight­
ly by Ramskill and Anderson . 49 A more complete approach to  air f iltrati on  
has been worked out by Chen . 50 He d iscusses the f iltering eff ic iency for 
various particle s izes and the pressure drop for air flowing through a 
' 
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f ibrous f ilter . There is a s ize of particle which penetrates any f ilter 
bestJ part icles both larger and smaller are trapped more eas ily . Relations 
between a ir flow and this part icle s ize are given. 
P ortable and permanent air monitors in common use near reactors and 
fuel-element recovery plants employ f ilters through which a ir is drawn by 
motor-operated blowers . A portable-d isc sampler (PDS) is used by the Oak 
Rid� Nat ional Laboratories for spot checks of air activity, in such places 
as hot cells and stack areas .51 A disc of filter paper about one inch in 
d iameter is usedJ air is drawn through the f ilter paper at a rate of one 
cubic foot per minute . Sampling periods are usually 15-20 minutes  long. 
A flexible extens ion tube several feet l ong can be used on the inlet s ide 
to sample a ir to  which there is no easy access , such as a highly-contaminated 
hot cell . The filter paper is removed from the sampler and counting d one 
in the regular manner , for alpha , beta and gamma emis sions . 
A permanent constant air monitor (CAM) is also  used in reactor 
build ings and other potent ially hazardous areas . The sens itive element in 
this machine is a cyl indrical Ge iger-Mue ller probe . This is he ld in a 
wire cage sl ightly larger than the probe;; a piece of f ilter paper is 
wrapped around this cage and taped into place . A blower pulls a ir through 
the f ilter at a rate of f ive cubic feet per minute . The probe and cage 
are inserted in a lead shield to protect against direct radiat ion , !•!•• 
the opening of a reactor beam hole . F ilters are changed daily; as ·air is 
drawn through the f ilter , the count rate rises continuously during the 
24-hour period . The count rate is recorded on a str ip-chart recorder 
attached to the instrument , and an alarm is provided wh ich sounds if the 
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air activity �ts too high . This instrument i s  sens itive to  beta and gamma 
act ivity . 
A cont inuous air monitor for alpha activity has been developed by 
Sawle . 52 This uses a f ilter paper 4-3/4 inches in d iameter ;  a f low of 16 
cubic feet per minute is pulled through the f ilter .  The trapped alpha 
act ivity is counted continuous ly with scintillat ion counters . This moni­
tor is des igned to d iscriminate against alpha counts due t o  natural radio­
activity ( radon and its daughters ) ,  and count only the dangerous plutonium, 
thorium and uranium isotopes . This is done by b ias ing one counter so that 
only the 7 . 68 Mev polonium-214 alpha , which const itutes 94 per cent of the 
naturally occurring alpha act ivity, is counted . This count rate is sub­
tracted from the total activity to give the plutonium, thorium and uranium 
counts ;  alphas from these is otopes are all 30 per cent or more lower in 
energy than the polonium-214 alpha . 
A number of people have built air monitors on the principle of a 
moving strip or tape of f ilter paper . Kuper, Foster and Bernstein53 used 
a strip of paper which moved at 1 inch per hour across an aperture through 
which a ir was drawn . The a ir flow was about 5 cubic feet per minute . 
After the dust and activity had been collected , the strip passed in front 
of beta and alpha counters and was counted . By varying the d istance be­
tween the collector and detectors , decay t imes of from one-half t o  18 hours 
were pos s ible . A s ingle rol l of paper lasted 6 months ; sections could be 
cut from th� exposed roll for decay determinat ions , gamma spectrum deter­
minations , and other stud ies . A s imilar system with shorter decay t �e 
was des igned by Mansf ield . 54 The f ilter strip was drawn over two hole s ,  
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each 2 inches in diameter .  Velocity of air through the f ilter paper could 
be varied between 100 and 500 feet per minute ; the f ilter paper velocity 
was normally 3 . 7  inches per hour, but this could be var ied by a factor of 
4 in-e ither direct ion .  The alpha and beta counters used were mounted 
d irectly over the air-flow holes ; a response time of only 2 or 3 minutes 
could be real ized through this arrangement . Another moving-filter system55 
had a flow of 3 cubic feet per minute through the paper ; f ilter tape speed 
was 1 inch per hour. The tape was monitored with two beta-gamma Geiger-
Mueller tubes and two alpha scintillat ion counters , s o  spaced that the 
decay of the two kinds of activities could be measured . The results were 
recorded on a str ip-chart mult iplex recorder .  Recently , a windowles s  flow 
counter suitable for e ither alphas or betas has been developed for paper 
f ilter str ip count ing.56 
Special types of f ilter papers have been developed for air monitor-
45 ing . Most f ilters are counted d irectly, without process ing, but some 
f ilters can be d is solved and a more suitable count ing sample prepared . 
Columns or tubes loaded with lead shot, sand, glass f ibers, etc . have 
been used for special applications . The so-called "millipore" filters, 
which are much more eff icient in removing small part icles than f ibrous 
f ilters, have been used . 
The use of filters for entrapment of aerosols is s imple and inex-
pens ive ; however , f ilters cannot hold the noble gases such as krypton and 
xenon . The best trapping method for these gases appears to be activated 
charcoal . The use of charcoal involves certa in d iff icult ies , notably in 
reduc ing the trapped act ivity to a form in which it can be counted . Appl i-
cat ions of rad iochemical techniques are often required to separate con-
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stituents when a mixture of radioactive gases, such as is released by fuel 
element irradiations, is trapped on the charcoal . A typical example of the 
use of charcoal is descr ibed by Rursh .56 A charcoal trap was attached to 
a gas-mask apparatus ; a subject breathed into the mask and the radon in his 
breath was trapped by the charcoal .  After a suitable collection per iod , 
the charcoal was removed from the mask and placed in a container , where it 
was heated to drive off the radon . A sweep gas was pas sed through the 
conta iner and the radon carr ied to  an alpha-part icle detector .  The detector 
used was a modif ied ion chamber ; 57 each alpha produced enough ionizat ion 
for a current pulse , even though the voltage appl ied to the chamber was too 
low for any electron multipl ication .  
Extens ive work on the use of charcoal for trapping fiss ion products 
• d 58-63 has been carr ied on by w. E .  BrownLng an co--workers at Oak Ridge . 
Most of these reports are concerned with the use of charcoal f ilters to 
clean up reactor , nuclear�fuel process ing and in-pile experiment effluent 
gases . In one instance , 62 however , the charcoal traps were used to detect 
the release of f iss ion products in an in-pile l oop . This experiment in-
volved the operation of a fuel-element specimen in a high pressure system 
containing NaK as a coolant . Periodically, the gases present in equil ib-
rium with the NaK system were bled off through a charcoal trap . The trap 
was counted , and any leak of fiss ion products was determined . 
The characterist ics of charcoal adsorbant for krypton and xenon 
have been carefully determined by Adams and Browning. 58-63 A theoret ical 
expression for holdup time of these gases was derived and verif ied . Xenon 
has a much longer holdup time in charcoal than krypton . Holdup t ime de-
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creases logarithmically as temperature increases' the presence of other 
gases such as water vapor in the air stream also decreases holdup t ime .  
For the leaa volatile f iss ion products such as iodine and bromine , holdup 
time is essentially inf inite for reasonable amounts of charcoal and 
reasonable flow velocities. Adsorbants other than charcoal were studied1 
these included s ilica gel ,  activated alumina and molecular sie¥es .  None 
of these was as good as charcoal . 
Charcoal traps have been used to measure the exit•air activity of 
Low Intensity Testing Reactor tests for several years.64 These traps are 
immersed in a bath of tr ichloroethylene and dry icef at this low tempera· 
ture (·61°) the noble gases are retained qu ite well in the trap . Traps 
are normally run for a few hours during a test , then removed. A rad I.e­
chemical separation of the entrapped activity is necessary before counting 
for the various constituents  is carried out f gamma spectroscopy is used as 
an aid in determining specif ic isotope act ivit ies. 
Impingers provide another means of collecting aerosols. An impinger 
consists of a jet which discharges against a flat plata under water (or 
other liquid) f mists and dust in the air stream an trapped in the liquid 
or on the plate. The impinger is not efficient for fine dust and fumes, 
and baa been little used for collecting radioactive samples. Impactors 
use no liquid1 the jet dischars-s directly against a flat plata which traps 
the partieles. A sticky substance, such as Vaseline or glycerine, is often 
smeared on the collection plate to improve collecting eff iciency . The 
sample collected can usually be counted directly. High-flow-velocities 
yield better efficiencies <!·!·• collect smaller particles). Even for high 
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veloc ities , the smal l s ize of the nozzle used l imits the flow rate , so a 
high concentrat ion of material or a long sampling t bne is needed for good 
resultso Impaction on a moving plate or strip has not worked well because 
the rad ioact ive dust concentrat ion is not usually high enough. 
One appl ication of the impactor to  health-phys ics work has been made 
by Tait . 65 He used an impactor to sample air for plutonium dust. The air 
flow was 500 to 1000 l iters per minute through the impactor , with a corre­
sponding l inear veloc ity at the nozzle of 60 to 75 meters per second. The 
air stream impacted on a vaseline-covered plate . The d imens ions of the 
nozzle and fl� velocity were adjusted so  that part icles of one micron or 
greater d iameter were impacted on the plate ; these part icles carr ied 
attached plutonium dust . Particles less than one micron in d iameter re­
mained in the a ir ;  radon and its decay products were primarily attached to 
particles of this s ize . Thus , a separation was effected. After- ·a  sampling 
t ime of 2�5 min�tes ,  the collection plates were taken up and counted . A 
more elaborate impactor with 4 stages is descr ibed by May . 66 This impactor 
actually separates part icles into 4 groups of different s izes. A general 
description of impactors and centr ifugal separators ( not used for a ir 
67 sampling) is found in an art icle by Johnstone and Roberts .  
Thermal precipitators employ a hot wire near a cold plate ; particles 
agitated to rapid thermal motion by the wire impact against the plate and 
stick.  This device is almost 100 per cent eff icient , even for small par­
t icles . However , only very slow sampl ing rates are poss ible ; air flows 
in many cases are only a few mill il iters per minute , and the highest prac­
t ical flows approach one l iter per minute . Further , the activity tends to 
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collect directly under t he wire. An oscillating precipitator has been 
described67 which deposits particles in a unif orm band across t he collec­
tion plate . These devices are used mostly for research and highly accurate 
work . 
The last method of air sampling t o  be considered is electrostatic 
precipitation . The use of electrostatic methods of aerosol precipitation 
has been widespread since,the discovery of the Cottrell precipitator ; 
electrostatic precipitation can be used on a large scale for reactor 
effluent cleanup and on a small s cale in air samplin g instruments .  An 
instrument using high voltage AC current f or precipitation has been built . 69 
Most of the devices, however , use DC voltage f or their operation . The 
typical air sampler consists of a can with a wire down the center of it ; 
high voltage is applied between the wire and the can and air is drawn con­
tinuously through the can with a blower .  The suspended particulate matter 
is precipitated on the inner wall of the can, on a liner of cellophane , 
paper or metal . After t he sampling period is over , the liner is removed 
and counted . S ome liners can be flattened and counted directly . Ele ctro­
static precipitation is very efficient (�98 per cent) but the equipment 
is difficult t o  maintain and has not found extensive use in sampling for 
radioactive dusts . 
One electrostatic sampler which has worked well utilizes a c ollec­
tor can with no liner . 70 A potential of 15 , 000 volts is applied t o  the 
central wire electrode ; particles collect on the inner wall of the can 
from air passing through the system . After sampling is completed , the can 
is removed from the system and placed over an ion-chamber probe . Three 
22 
hundred volts are appl ied between the probe and can; the current is measured 
with a vibrat ing reed electrometer .  After counting , the can is washed in 
nitric acid and used again .  Sampling times in the experiments performed 
varied between 0 . 5  and 180 minutes ;  only alpha activities were assayed . 
A precipitator which can be used on e ither large or small scale has 
been developed in Great Britain . 71 This device is a special Cottrell pre­
c ipitator which has a moving f ilm of water for the rece iving electrode . A 
3- inch d iameter tube , from 3 to 8 feet long was used . A swirler at the top 
of the tube d irected water down the inside surface of the tube . A central 
wire running down the center of the tube had a potential of 18 . 5  kilovolts . 
Air was drawn through the tube at veloc ities between 3 and 10 feet per 
second . Under these conditions , precipitat ion was better than 99. 9  per 
cent eff icient for removing industr ial dust pollut ion. This type of pre­
cipitator has these advantages : (a)  it has a very high efficiency; 
(b) it precipitates small ,  widely d ispersed part icles ; ( c ) there is a very 
low pressure drop ; and (d )  the precipitator is continuously self-cleaning. 
CHAPTER II  
DETECTION OF FISSION PRODUCTS IN REACTOR EFFLUENTS 
A. Water Cooled Reactors 
Nearly every reactor which operates at a s ignificant power level 
has some system for detecting cladd ing failures in the reactor fuel  
elements . Some of the cladding failure detection systems used in l iquid 
cooled reactors are worthy of cons iderat ion for poss ible use in gas 
cooled reactors . 
Most fue l element failure detect ion systems pr ovide some method 
of detecting f iss ion products in the presence of rad iat ion from the 
coolant produced by neutron act ivat ion .  One proposal which provides a 
unique solut ion to the failure problem without the need for f iss ion 
72 product count ing was advanced by Pobereskin and Sunderman, et al . 
They suggested that each fuel  element of a water cooled reactor should 
have a d ifferent tracer isotope added to  it during manufacture ; when a 
leak occurred , the faulty fuel e lement could be located by rad iochemical 
analys is of the effluent water . This is the only system thus far pro­
posed for water cooled reactors which both detects a leak and locates it . 
One of the methods for detecting f ission product leakage involves 
the counting of delayed neutrons emitted by the f iss ion products bromine-
87 and iodine-1 37 .  Calculat ions have been made on the sensitivity of this 
system.73 There is some interference with the f is sion product neutrons 
from neutrons produced by the photod is integrat ion of deuterium in the wa�er .  
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High-energy gamma rays , s uch as those from ?-second nitrogen-16, are able 
to cause this reaction.  Als o ,  some neutrons are produced in the decay of 
oxygen-17 . This method was also proposed for a l iquid-metal cooled re­
actor , where there should be less  interference from coolant-produced neu­
trons . 74 
Another means of counting fiss ion products  in the presence of other 
radioact ive species involved the use of a Cerenkov detector,75 This con­
s isted of a phototube looking directly at the coolant water ;  high energy 
beta part icles emitted by the f ission products produce lig�t pulses as 
they are slowed by the water .  This light pulse is counted by the photo­
tube . By adjust ing the b ias of the counter so  that only pulses from betas 
with 5 Mev of energy or greater are counted , it is poss ible to discriminate 
against non-f iss ion product act ivity. There are a few short half-life 
f ission products ,  such as bromine-87 and iod ine-136 , which have betas of 
more than 5 Mev and these are the ones detected . 
Probably the most elaborate act ivity monitor for a water cooled 
reactor is used in surveying the Columbia river activity at Hanford . 76•77 
An automatic analys is is made for neutron act ivation products ,  but not 
for f iss ion products . A water sample is taken;  sodium-24 and manganese-
56 are determined by gamma-ray spectrometry on the untreated sample . After 
a 24-hour per iod to  allow the sod ium-24 and manganese-56 to  decay , the 
sample is  counted by gamma spectrometry again for neptunium-2}9 . Copper-64 
is determined by gamma-gamma coincidence count ing. Another water sample 
is passed through a cat ion exchange column , which removes interfering sub­
stances and allows arsenic-76 to  be counted by a gamma spectrometer .  Some 
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samples are chemically treated to separate phosphorus-32 and s ilicon-31 
from the other act ivities .  The combined beta activity is determined , 
then the sample is recounted after 24 hours when only phosphorus-32 re­
mains . Subtraction gives the s ilicon-31 act ivity . All of the processes 
are carried out automat ically and the results recorded .  In add ition ,  
another instrument measures the gross beta count rate . Water samples are 
pipetted automatically into depressions on an aluminum tape ; the water is 
dried and the sample moved under a beta counter . 
Another system almost as complicated is in use at the Materials 
Test ing Reactor in Idaho for detect ion of fission products in the coolant 
water .78 • 79 This system performs a cont inuous separat ion of f ission 
product iod ine on an ion exchange res in ;  by using gamma-ray energy d is­
criminat ion , only iodine-136 , iod ine-134 and iod ine-135 are counted . A 
small flow of water from the main reactor coolant loop is passed through 
a glass wool f ilter to remove particulate matter , then through a cation 
exchange column. This removes most normal rad ioactive contaminants and 
many f ission products from the water ,  leaving only molybdenum, technet ium, 
tellurium, bromine , iod ine and rare gases . The cat ion column is followed 
by an anion resin , which retains the iod ine . The gamma act ivity of the 
column is monitored by a scintillat ion detector . A ahnilar system baaed 
on isot ope exchange has been developed by Battelle Memorial Institute . 80 
These invest igators used a column of sol id s ilver hal ide salt crystals 
and passed the aqueous f iss ion-product-containing sample through the 
column . The radiohalides in the sample exchanged with hal ide ions in the 
column and were retained in the column. Then the rad iohal ide activity of 
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the column could be determined either by counting the delayed neutrons 
from the bromine-87 and iodine-137 , or by d irect gamma monitoring of the 
column . 
A delayed-neutron counter and a direct-gamma monitor have als o  be�n 
evaluated at the Materials Testing React or . The gamma monitor uses two 
gamma spectrometers ; one counts the nitrogen-16 activity , which is the 
principle contributor to the background . The other channel counts fission 
products in the o . 7-1 . 5  Mev range . This energy range gives the highest 
signal-to-noise rat io for f iss ion-product activity against tbe reactor 
coolant background . The net fiss ion-product count rate is obtained from 
a d ifference c ircu it .  The main objection t o  this d irect method was the 
high complexity of the electronic equipment needed to  perform the counting 
ope rat ions . 
The use of direct gamma monitoring f or in-pile test l oops is common. 
In one fuel test run in the Materials Test ing Reactor , 81 fuel element 
leakage was suspected when high act ivity read ings were obtained in the 
loop , and the presence of fission products was conf irmed by ident ificat ion 
of ces ium-138 in a water sample from the loop . These investigators noticed 
that the gas above the water sample taken from the loop was quite �adio­
active , and proposed that in future tests a device be built to  degassify 
the water and count the gas . This approach to fission product separat ion 
from water had earl ier attracted the attent ion of experimenters running a 
fuel test loop in the Chalk River NRX Reactor .82 
The problem of stripping rad ioactive gas from the NRX loop coolant 
was complicated by the fact that the coolant (deuterium oxide) was pres­
surized . It was necessary to  reduce the pressure on a sample from the 
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loop to  one atmosphere before pass ing the helium stripping gas through it . 
Direct monit oring of the rad ioact ive gas was found to be sufficiently 
sensitive f or detection of fuel ruptures . 83 However ,  two other techniques 
for counting the gas were tried . One involved delayed-neutron count ing 
and the other utilized precipitat ion of the f iss ion gases on a charged 
wire fol lowed by count ing of the wire . The wire precipitat ion method was 
found to  be more sens it ive , especially to longer half-life isotopes . The 
gas was passed into a chamber through which a negatively-ahar&Bd collect-
ing wire moved. The wire f ormed a continuous loop moving throug� the 
chamber ,  past a counter and then back to the collecting chamber.  Pos itively­
charged part icles created by the beta decay of f iss ion products and other 
nuclides were drawn to  the wire , which was kept at a negat ive potential of 
1000 volts . Subsequent decays when the wire was at the counter were de­
tected . Thus two decays are required for detect ion& the f irst creates a 
pos itive ion which is drawn to the wire , and the second is detected . S ince 
f iss ion products often decay by a series of consecut ive beta emiss ions 
while most other rad ionuclides decay t o  the ground state in a s ingle step ,  
this system will be sens it ive pr imarily to f iss ion products . 
A Geiger-Mueller tube was used for counting the wire . The wire 
speed used was 2 . 5  inches per minute , which gave a cycle t hne of 2 hours . 
During this t ime act ivity picked up in the chamber had nearly all decayed 1 
there was no appreciable buildup of background wire act ivity with t ime . 
The half-lives of some of the isotopes trapped on the wire were determined 
by stopping the wire and following the decays . Half-lives of 15 and 32 
minutes were f ound and ident if ied as rubidium-89 and ces ium-138 . The decay 
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of gas activity in the collect ing chamber was also  followed by halting the 
gas flow; 2 .6- and 17-minute act ivities were found and identif ied as 
krypton-89 and xenon-138 , the predecessors of the isotopes found on the 
wire . A 2 .8-hour component , krypton-88 was also found in the s•s · The 
decay of the gas as measured by d irect monitoring was found to be closely 
approximated by a total decay curve for the xenon and krypton rad i� 
isotopes based on the f is sion yield and half-life of each isotope . 
Kinchin74 proposed the use of gas stripping to detect f ission gases 
in a sodium-cooled reactor . A s imilar system was invest igated fov use with 
the Pressurized Water Reactor84 but was not recommended because of the 
problems involved in depressuriz ing a water sample . A British patent85 • 86 
has been issued on a spray tower for stripping rad ioact ive gas from water 
coolants .  A summary of the methods thus far advanced for burs� s lug ( or 
cladding failure )  detection in water-cooled reactors is given by Al iaga� 
Kelly . 87 He considers : ( 1 )  the pressure drop in the fuel  channels , 
caused by expansion of the fuel specimen during rupture ; ( 2) the use of 
tracers incorporated int o each fuel element which can be detected •fter 
rupture ; ( 3) d irect monitoring of the coolant ; (4) delayed neutron count­
ing; ( 5) ion exchange columns for trapping the act ivity ; and (6) electro­
static precipitation methods . He concludes that the electrostatic­
precipitation method , collect ing krypton and xenon gas from � scrubbed 
or stripped water sample , is best . 
B .  Gas Cooled Reactors 
The methods used for detect ion of f iss ion leakage in gas-cooled 
reactors parallel those employed for water cooled reactors . The oldest 
gas-cooled reactor , the O�k Ridge Nat ional Laboratory Graphite Reactor , 
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88 uses an oil-soaked rag in the exit-air duct to p ick up fiss ion products . 
The rag is pulled from the exit air plenum about once every e ight hours 
and the activity is measured . If the activity becomes abnormally high ,  
then the reactor is shut down , and the bad fuel slug is located by visual 
inspect ion . Experience has shown that the thermocouple temperatures in 
this reactor often give an indicat ion of fuel-cladd ing failure . 89 
Direct monitoring of the effluent coolant has been used for gas­
cooled reactors . An ion chamber for this purpose was des igned by Kanne .90 
This is a lar19-volume f olded-flow chamber , adapted to  batch or continu­
ous analys is , which is sens itive primarily to  beta emiss ions . The French 
gas-cooled reactors at Saclay use 1 . 6-liter chambers to collect gas 
samples for analys is . 91 A Geiger-Mueller tube in the center of the: chamber 
determines the act ivity. A number of analyzers are needed to  locate the 
fuel channel where failure occurs ; one reactor with 2600 channels has 135 
channels t ied into each analyzer . The channels are sampled ind ividually 
by operation of a compl icated valving arrangement . 
A more prec ise system used on an in-pile test trapped the f iss ion 
products on charcoa1 . 92 A uranium d ioxide fuel sample was cooled by a 
fl� of hel ium gas .  The gas coming from the test conta ined a mixture of 
f iss ion products ; non-volat ile components were removed in a dry ice trap . 
Then the gaseous products were trapped in act ivated charcoal cooled by 
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l iquid nitrogen .  After a suitable sampling period the charcoal trap was 
removed from the system and the f iss ion gases desorbed by heat ing the 
charcoal to 400° . The act ivity of the desorbed gas was monitored by a 
gamma spectrometer . 
A comb inat ion of methods is used at the air-cooled Brookhaven 
Graphite Research Reactor to detect leaks in the fuel cartridgea . 93 The 
exhaust a ir is monitored by an ion chamber ;  in add it ion a probe s imilar 
to  that used at the Oak Ridge National Laboratory Graphite Reactor �a 
employed . This  cons ists of an oil-soaked steel wool mass inserted into 
the air stream. The air is passed through a f ilter before going to the 
stack ; this f ilter is monit·ored for high act ivity which might ind icate 
fuel  element failure . However , f irst warning of a fuel  cartridge leak 
is provided by a pressurized hel ium system built into the cartrid ges at 
manufacture .94•95 Thirty-three uranium s lugs are loaded into a s ingle 
can 11 feet l ong; hel ium gas is used to  f ill void spaces in the can . A 
long capillary tube is attached to the cartridge ; when the cartridge is 
loaded into the reactor , this capillary extends through the shield ing to  
the outs ide of the reactor . The hel ium pressure in  the cartridge is  
measured ; a leak in the can causes the hel ium pressure t o  drop.  This 
system has worked quite well , although load ing the reactor with fuel  is 
complicated by the presence of the capillaries . 
The cont inuous analys is of gas streams without counting the gas 
d irectly is poss ible if the radioactive part icles are collected from the 
gas by some means . One des ign77 accomplishes this by pull ing the a ir 
through a moving strip of filter paper , then through a scrubber f illed 
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with 0 . 2  Normal sodium hydroxide . The f ilter paper is then drawn past a 
gamma detector and counted ; the sod ium hydroxide s olut ion is analyzed 
separately. This analyzer has not been used on a reactor ,  but has been 
appl ied to the waste gas stream from a fuel reprocessing plant . A s imilar 
96 concept was used by Fanning and Jackson .  They patented a device to 
monitor the rad ioact ivity of dust coming from a gas cooled reactor by col-
lect ing it on an adsorbent cord drawn past a counting head . 
The original patent applicat ion f or a charged , moving wire f iss ion 
gas detector was f iled in 1949 by L ivingston and Levy.97 Their des ign is 
essent ially the same as that in use today at the NRX Reactor92 and other 
places . The most extens ive use of the charged wire detector has been in 
the British gas-cooled reactors .98-103 A continuous wire is used in their 
detectors ; the recycling is slow enough so  that only 3 per cent of the 
peak act ivity i s  retained by the wire . The wire does not move continuously; 
it is held in t�e precip itat ion or collecting chamber for a short while , 
then moved quickly into the counter .  This method of operation increases 
the sens itivity of the detector as compared t o  continuous wire operation.  
The British reactors have a large number of channels  to  be sampled ; 
the Calder Hall Reactor , for example , has 1696 channels . In order that 
each channel might be scanned ind ividually, a complicated system of sample 
l ines  and valves has been installed permitting the channels t o  be sampled 
in sequence . The large number of channels to be sampled introduces a 
problem in handl ing the count ing data provided by the detectors ; a data­
processing system has been devel oped to cope with this problem. 100 
32 
A summary of the methods presently in use for cladding failure de­
tect ion in gas-cooled reactors has been given by Kaufman . 104 The charged , 
moving-wire detector enjoys the widest use at the present , although l ittle 
work has been done on quantitat ive measurements of its potent ial ities . 
Barr and Ralfel03 have pred icted the performance of the intermittent wire­
movement detector used by the British. The character ist ics of a f iss ion 
gas detector used on a fuel loop in this country have been d iscussed by 
Collins , Conn and Trice . 105 Reference will be made t o  these results in a 
later sect ion . 
C .  Proposed Problem 
A survey of the l iterature on detection of fission products in re­
actor effluents has ind icated the util ity of a wire-precip itation type 
Fission Gas Detector (FGD) . It might be well at this point to review 
what is known about the ope rat ion of these devices . Air ( or  some other 
gas ) contain ing fresh f ission products is conducted through a Fission Gas 
Detector collection chamber . A ·negat ively charged wire moves through 
this chamber .  When the f is s ion products undergo beta decay, pos itive 
ions are formed . These pos itive ions migrate to the wire and are carried 
out of the chamber .  The wire moves to a rad iation detector , where sub­
sequent decays of nucle i on the wire are counted . Thus , two decays are 
required f or detect ion:  the f irst decay creates a pos it ive ion which is 
collected by the wire , and the second decay is detected . This effective­
ly separates the f iss ion products from other pos it ive ions which might 
have adhered to  the wire ; the neutron-rich f iss ion product nucle i often 
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undergo two or more decays before reaching a stable conf igurat i on ,  while 
other rad ioact ive species l ikely to be found in reactor effluents decay 
to the ground state with a s ingle emission . 
The F iss ion Gas Detector has been in use for some time as a cladding 
failure detection device . For appl ications of this nature , the qual itat ive 
information now available on the operat ion of the FGD is suf f ic ient . How­
ever , there are many fuel development programs of both pract ical and theo­
ret ical interest which require quantitat ive measurement of the f iss ion 
product release from the mater ial under irrad iat ion . To adapt the FGD 
to  quantitat ive use , all var iables such as air flow, wire voltai! and 
wire speed which could affect the count rate must be investigated . From 
the results of measurements on the FGD operational variables , optimum con­
d it ions for routine measurements can be specif ied . L ikewise , a procedure 
for cal ibration of the instrument for rout ine use should be worked out . 
Als o ,  an attempt will be made to  explain theoret ically the empirical 
results obtained from the measurements of the FGD operational character­
ist ics . This attempt , if successful ,  will provide information useful in 
the future des ign of wire prec ipitat ion detectors . 
There are several features of the Fiss ion Gas Detector operation 
which are not eas ily altered for experimental purposes .  One design vari­
able which is f ixed in these experiments is the s ize of the FGD collec­
tion chamber ;  changing the d imens ions of this chamber will almost certainly 
have an effect on the count rate . Another factor beyond easy exper�ental 
control is the f ission product concentration of the exit air stream. Row• 
ever , d irect measurement as well as previous experience has shown that for 
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the kind of samples be ing irrad iated during these investigations , the 
f ission product concentration is essentially constant f or periods of at 
least 1 2  hours at a time . This fortunate c ircumstance makes it possible 
t o  measure the variation of count rate with wire voltage , air flow and 
wire speed by assuming a constant source concentrat ion .  A third factor 
beyond experimental control is the delay between the t ime a f ission product 
nucleus is f ormed and the t ime it enters the collect ion chamber . This 
delay depends primarily on the total air flow over the test ; this als o  
varies very slowly and can be cons idered constant during a series of 
measurements .  Another area where clarif icat ion is required is the identi-
f ication of the specific isotopes to which the PGD is sens itive . Tunni­
cliffe and Whittier82 made a tentat ive identif icat ion of certain isotopes 
in their system from a measurement of their half-lives . Coll ins , Conn 
and Trice105 used a gamma-ray spectrometer to help identify the rad io-
act ive constituents picked up by the ir detector . However , the poor resolu-
t ion of the ir spectrometer made identif ication of gamma peaks d ifficult . 
Als o, l ittle information is presently available on the gamma energies 
emitted by short half- l ife f iss ion products . For this reason , ident i-
f icat ion of the specif ic rad ioact ive species involved in the PGD has not 
yet been put on a f irm bas is . 
By the use of a gamma spectrometer with better resolution and 
the applicat ion of theoretical cons iderat ions , such as were worked out 
by Barr and Ralfe103 from f iss ion yields and decay schemes , the f iss ion 
products which are preferent ial ly counted by the PGD should be ident if ied . 
Further , the prominent gamma energies of these species should be ident i-
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f iable 'if certain peaks in the gamma s can can be shown t o  correspond with 
certain haU.-.l ives:. The complete 'Unscrambl ing of the gamma spectra ob­
tained · .thro�gh a multi-component scan is a complex mathemat ical problem, 
beyond the s cope of this work. 106 • 1°7 
CHAPTER Ill 
EQUIPMENT 
A .  The Oak Ridge Research Reactor System 
The Fiss ion Gas Detector ut il ized in this study is a moving charged­
wire detector s imilar to that descr ibed by Tunnicl iffe and Whittier .82 It 
is incorporated in a fuel element test system at the Oak Ridge Research 
Reactor , maintained by the General Electric Aircraft Nuclear Propuls ion 
Divis ion for the irrad iat ion of air-cooled fuel test specimens . The entire 
test system, with its as sociated control s and instrumentat ion ,  is quite 
complicated . Those features which are important in inf luencing the opera-
tion of the FGD are shown in Figure 1 .  
The Oak Ridge Research Reactor is a water cooled and moderated , 
enr iched-fuel reactor very shnilar in core construct ion to  the Mater ials 
Testing Reactor and the Low· Intens ity Test ing Reactor . 108 Observed from 
. 
the top , the core is a rectangular array of fuel and moderat or elements .  
The core pos itions are numbered from 1 through 9 down one s ide , and from 
A through G down the other side . Each fuel element , moderat or piece or 
exper iment is located by a letter-number des ignat ion .  The General Electric 
Aircraft Nuclear Propuls ion test system utilizes pos ition F-2 of the re-
actor core . A fue l element has been removed from this pos it ion and re-
placed with a core insert piece having a 2-13/16 inch d iameter hole in 
it . Access to the pos ition is from the top , through a ' f lange in the re-
actor pressure vessel . An access tube is inserted into the core piece 
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and extends up through the reactor pressure vessel , opening into the re­
actor pool about 5 feet beneath the surface . The maximum unperturbed 
neutron flux in this facility is 9 x 1013 neutrons/cm.2/sec .  at 20 mega­
watts .  
The flow of cool ing air through the system can be followed by 
reference to  F igure 1 .  Air is supplied at 90 pounds per square inch from 
a plant air supply main . It then passes through dryers to  a pressure re­
ducing valve which maintains the pressure at the value required for a 
given test . For some tests , moisture is added to the a ir and the humid ity 
controlled at a dewpoint of 25°F ; other tests are run in dry air . The 
air flows up to  the reactor tank and enters the reactor pool at the balcony 
level through a flange in the s ide of the pool . Inside the pool the 
permanently installed piping connects to a flexible metal hose , 1 inch 
ins ide d iameter and 16 feet 3 inches long, to which the sample capsule 
is attached . This hose with the sample capsule at the lower end is in­
serted into the reactor through the F-2 access tube . The top of the hose 
f its into a flange which serves as a cap for the access tube , making it 
an air-tight unit . 
Air flows through the permanent piping and into the access tube , 
pressurizing it . It then flows down the access tube and int o the test 
capsule through holes in the bottom of the capsule . The specimens are 
cooled as air passes up over them and into the flexible hose , which 
serves as the exit a ir l ine . At the top of the access  tube the contami­
nated air re-enters the permanently installed piping and is passed through 
a large charcoal-f illed pot located at the bottom of the reactor pool . 
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Most of the fission products entrained in the air during its passage 
over the fuel test specimens will be removed by the charcoal filter .  
The air then leaves the pool thr ough the flange by which it entered . 
Air flow through the system is regulated by a flow-control valve located 
just outside the reactor pool in a lead-shielded cubicle on the balcony. 
It is only a few feet f rom this control valve t o  the discharge in the 
main reactor off-gas line , which operates at a slight vacuum at all times . 
An air sampling line branches from t he  exit air line ahead of t he 
charcoal pots , about 15  feet from the connection between the permanent 
and temporary piping.  This sample line, which is 3/8 inch stainles s  
steel tubing, leads from the pool to the lead shielded cubicle on the 
balcony . The Fis sion Gas Detector and a glove b ox f or charcoal-trap 
sampling are located here . A diagram of the Fis sion Gas Detector piping 
in the cubicle is shown in Figure 2 . * The operation of nearly all equip-
ment in the cubicle is remotely controlled from an instrument console , 
located on the first floor of the Oak Ridge Research React or building.  
Hany of the valves are pneumatically operated ; air f or this purpose is 
supplied from a plant air line on the balcony through a hand valve (HV-36) 
located just outside the cubicle . The pressure is reduced to 18 pounds 
per square inch by a self-operated pressure reducing valve , and indicated 
on a gauge ( PI-45) . The instrument air flows through a 3-way s olenoid 
*The notation is taken from a complete blue print of the Oak Ridge 
Research Reactor F-2 test system and is consistent with instructions in 
ORNL Central File No. 57-2-1 ,  "Instrumentation Flow Plan Symbols and 
Recommended Drawings - A Standard System for ORNL Instrumentation Appli­
cation Work" . 
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valve , normally closed to the atmosphere , and supplies pressure to hold 
valve PSV-458 , on the FGD line , in the open pos iti on . This solenoid 
valve , and through it valve PSV-458 , can be opened and closed by a switch 
on the instrument console .  However , if a s ignal is rece ived by the 3-way 
valve (PSV-45A) from the pressure switch PS-44 , the instrument air supply 
to PSV-458 is shut off and the trapped air in the valve vented to  the at­
mosphere , causing the valve to close and shut off the FGD flow .  When this 
occurs , the f l ow  cannot be started again by us ing the open-close switch 
on the console until the s ignal from PS-44 has been cleared . The function 
of PS-44 will be described later.  
The pressure on the FGD line ahead of any valves or constrictions 
is measured by a pressure element (PE-55) and a s ignal transmitted ( by 
PT-55) to the instrument console , where it is read on a pressure indicator 
(PI-55) . A Foxboro Dynaformer is used for this measurement . The pressure 
usually runs between 40 and 60 pounds per square inch in actual tests .  
Pressure t o  the FGD is regulated by a remotely-operated pressure­
reducing valve , PV-438 . A knob on the console , PV-43A , transmits a pneu­
matic s ignal to  PV-438 .  The pressure downstream from the pressure­
reducing valve is sensed by a pres sure element (PE-42) and transmitted 
to the console whe re it is read on ind icator PI-42 . This pres sure 
measurement is also  made with a Foxboro Dynaformer . Pressures can be 
ad justed between 0 and about 30 pounds per square inch ; at higher f low 
rates , the maximum operating pressure must be reduced . Air flow is 
measured by a F ischer and Porter Rotameter (FE-41) and transmitted to  
the cons ole via a flow transmitter (FT-41) .  At the console , the flow is 
recorded on a Fischer and Porter Rotagraphic recorder-controller (FR-41 
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and FC-41) .  When the desired flow rate is set with a pointer on the con-
troller ,  a pneumatic signal is transmitted to the flow contr ol valve 
FCV-41 . The flow can be regulated quite accurately ( !  2 per cent) with 
this instrumentation .  
With the Rotameter reading and a knowled ge of the pressure at the 
Rotameter ( from Pl-42) t he air flow can be calculated . The air flow is 
measured as standard cubic feet per minute ( SCFM) . A standard cubic f oot , 
for engineering purposes , is the amount of air in 1 cubic foot at 1 atmos­
phere ( 14 . 7  pounds per square inch) and at 70° F . * The variation in the 
amount of air in a given volume with temperature is small and the air 
temperature remains fairly constant near 75°F , so no correction is made 
for air temperature . However , a pre s sure correction must be made . The 
pressure read on Pl-42 is gauge · pressure ( above atmospheric) . Figure 3 
is a graph showing the c orrection fact or versus pres sure up t o  35 pounds 
per square inch gauge . 
The FGD Rotameter is calibrated f or flows between 0 . 2  and 2 SCFM . 
The recorder-controller indicator reads directly in SCFM , but the chart 
is calibrated between 0 and 100 per cent flow .  The chart reading is 
normally used ; to convert to SCFM , it is necessary to multiply by 2 and 
divide by 100 .  The lowest reading on the Rotamete r ,  when no flow is 
going through the system , is 0 . 26 SCFM ; at this point , the float in the 
Rotameter is resting on the float stop .  To obtain t he actual air flow 
for any indicated flow above 0 . 26 SCFM , the Rotameter reading is multiplied 
*one standard cubic f oot of air is equivalent t o  34. 01 grams or 
26 . 15 liters of air at 760 mm .  and 0°C .  
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by the proper correct ion factor for the pressure being used . 
The pressure downstream from the flow control valve (FCF-41) is 
always kept sl ightly less than atmospheric pressure . This is necessary 
s ince the FGD barrel is not air-tight , and leaks of contaminated air into 
the Oak Ridge Research Reactor bu ilding cannot be tolerated . The air 
flows through the FGD and out through a small charcoal f ilter pot into 
the main reactor off-gas l ine , which is the source of the vacuum required 
by the FGD . A pressure switch , PS-44 , acts as a safety device by cutt ing 
off the FGD f low,  in a manner already descr ibed , when the FGD loses 
vacuum . A visible alarm on the console (PA-44) s ignals loss of vacuum . 
The pressure sensor , which is a Mettron vacuum-actuated switch ,  is set 
to trip when the d ifference between the FGD vacuum and atmospheric pres­
sure is less than 15 inches of water .  High pressure and f low rate through 
the FGD (as well as loss  of off-gas vacuum) can cause a vacuum alarm. 
RE-46 , RM-46 ,  RR-46A and RR-468 serve to ident ify the radiat ion 
detector , associated electronics ,  and the two rad iation recorders associ­
ated with  the FGD . These will be d iscussed in Section C of this chapter . 
B .  The Fisson Gas Detector 
The Fiss ion Gas Detector cons ists of four separate parts : ( 1 )  the 
FGD barrel , or collection chamber ,  through which the air to be monitored 
passes ; ( 2) the feed spool mechanism , where the wire voltage is appl ied ; 
( 3) the detector and its shield ; (4 )  the take-up mechanism . Figure 4 is 
a s cale drawing of the Oak Ridge Research Reactor Fis s ion Gas Detector ,  
showing the d imens ions of various parts of the system . The barrel and 
FEED SPOOL BOX 
LEAD CUBICLE SHI ELDING 
DETECTOR 
DOOR 
W I R E  DRIVE AND TAKE- U P  ASS EMBLY 
2 0 2 4 6 8 �" H. J •+k Iii tiiJ 
I NC H ES 
Fig. 4 .  Th.e OR� F ission G a s  Detector 
(I 
45 
U NCLASSIFIEO 
ORNL- LR-DWG 52635R 
46 
feed spool are located ins ide the shielded lead cubicle in a vert ical 
pos it ion;  the detector shield and take-up mechanism are located beneath 
the cubicle . 
The FGD barrel  is made from a pie ce of brass tubing , 10 inches  
long and 2 inches outs ide d iameter ,  1 . 75 inches ins ide d iameter .  Air 
enters the chamber near the bottom and exits at the top .  At each end of 
the chamber there is a screw-out bushing about 3 inches long through which 
the FGD wire passes . This bushing is made by drill ing a hole in a 3/4 inch 
bolt and cementing a pie ce of pyrex capillary in the hole . The FGD wire 
is threaded through the capillary , which insulates the wire from the 
barre l .  Since the capillary is s lightly larger than the wire , air can 
enter or leave the FGD barrel through the cap illary ; for this reason , the 
FGD is operated s l ightly below atmospheric pressure . 
The feed spool mechanism shown in Figure 5 is a box mounted atop 
the FGD barrel which holds a s ingle spool of wire-recorder wire . The 
wire is used only once ; after it has passed through the FGD barrel and 
onto the take-up spool , it is d iscarded . Many of the other wire prec ipi­
tat ion machines now in use employ a continuous , recirculat ing wire . 82 , lOl 
The feed spool is mounted on an insulated holder ; a pointed metal rod 
pres ses into a depress ion in the center of the feed spool holder .  This 
rod , which is  spr ing loaded , is mounted in a removable plexiglas cover 
for the feed spool box .  The voltage for the FGD wire is applied via this 
rod ; the barrel is grounded . The pressure of the rod on the feed-spool 
holder acts as a frict ion brake on the wire . A microswitch, through which 
the wire is threaded , halts the wire take-up mechanism when the wire has 
run out ; a piece of plast ic tape at the end of the roll tr ips the switch .  
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The bottom of the FGD barrel is part ially embedded in the lead 
shield ing of the balcony cub icle . The lower bushing is inserted from 
beneath the cub icle . The wire pas ses out the bushing and through the de­
tector shield to the wire take-up mechanism . It is insulated from the 
detector shield by two bushings ident ical to those used in the FGD barrel . 
The take-up mechanism, s hown in Figure 6 ,  is mounted on a thick p iece of 
plexiglas . The drive motor is insulated from the take-up spool by a non­
conducting shaft .  Thus , the FGD wire is isolated from ground at all 
points . When the Oak Rid ge Research Reactor FGD was f irst put into opera­
tion ,  a low-res istance ( 50 , 000 � )  path to ground developed through the 
feed-spool holder .  This part of the holder was replaced with a s imilar 
part made from Teflon .  After this change , the res istance between the 
wire and ground was found t o  be greater than 50 megaohms . 
The wire used in the FGD is stainless steel wire-recorder wire with 
a d iameter of 0 . 004 inches . The wire speed under the original cond itions 
was 27 feet 9 inches per hour . At this speed , a roll  of wire ( 1  hour s ize) 
would last for several hundred hours of continuous operat ion . 
C .  The Detector and Associated Electronics 
The sens it ive element of the FGD rad iat ion detector was a 3-inch 
d iameter by 3-inch l ong thall ium-act ivated sodium iod ide crystal . This 
crystal was mounted on a Dumont 6363 phototube , us ing a procedure s imilar 
to that described by P .  R .  se11 . 109 The energy resolution of the crystal 
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so 
was checked and f ound to be about 7 . 5 per cent . * The high voltage for the 
phototube was suppl ied by an Atomic Instrument Company Super Stable High 
Voltage Power Supply , Model 312 .  A block diagram of the electronics associ-
ated with the detector is  shown in Figure 7 .  All instruments were located 
in the General Electric instrument console on the ground f loor of the Oak 
Ridge Research Reactor building , while the detector and shield were at the 
balcony level . The use of long leads to connect a detector with its ampli-
f ier is known to attenuate the signal from the phototube s ignificantly. To 
overcome this difficulty , a smal l pre-amplifier was installed beside the de-
tector shield to boost the s ignal to the ampl ifier.  
The amplif ier was a Victoreen DD2 Linear Amplifier , Model 8SlA. 
The characteristics of this amplifier have been described by the designer, 
110 Edward Fairstein . Th� total count rate from the amplif ier was fed 
into an Oak Ridge National Laboratory Logarithmic Count Rate Meter , Model 
Q-1454 B .  The output f rom this count rate meter was recorded on a 4-cycle 
log Brown recorder.  
A second output f rom the ampl if ier was fed into a pulse height 
analyzer which was a modular unit of the ampl ifier. The analyzer accepts 
pulses f rom the amplifier which are between 0 and 100 volts in height . 
By adjusting the gain of the amplifier , a 100 volt pulse can be made to 
correspond to incident gamma energies from a few Kev to more than 10 Mev. 
When the pulse height analyzer is operated in the Integral position , all 
* The energy resolut ion of a gamma detector is defined as the width 
of a gamma peak at half he ight , in Mev , divided by the gamma ray energy 
in Mev. This resolution varies with the energy of the gamma being measured ; 
the usual value quoted is for the cesium-1 37 gamma at 0 . 662 Mev. 
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gammas up to  the energy correspond ing to a 100 volt pulse can be counted . 
In add it ion the minimum energy ,  or base l ine , can be changed so  that only 
pulses above a certain voltage are counted . The common procedure was to 
set the base 1 ine sl ightly above 0 so that "noise" fran the instrument 
would not be counted . 
When the pulse analyzer was operated in the D ifferential pos ition ,  
only those pulses fal l ing within a certain small voltage range were 
counted . The s ize of this "window" could be varied between 0 and 10 volts . 
The base l ine of the window determined the minimum voltage of the pulses 
counted ; the maximum voltage was greater than this by the window width. 
The base l ine could be set with d ials on the amplif ier ,  or it could be 
changed externally . In making a gamma scan , the base l ine was moved at 
a uniform rate over the 0 to 100 volt pulse height range . Movement of 
the base l ine was externally produced by an auxiliary unit t ied into the 
chart dr ive of the Brown recorder which recorded the count rate . 
The output from the pulse-he ight analyzer was fed int o a Radiat ion 
Counting Laboratory Linear Count Rate Meter , Model 20400 .* The count rate 
was recorded on a l inear Brown recorder us ing a chart graduated from 0 to 
100 d ivisions . This recorder also had the scan mechanism attached to the 
chart dr ive , as ment ioned above . The gear rat io of the scanner was such 
that a complete scan required 10 inches of chart , regardless of chart 
speed . An adjustment was provided on the l inear count rate meter to  vary 
*A l inear count rate meter was chosen instead of a log count rate 
meter for the gamma scans because it emphas izes small gamma peaks rela­
tive to  a log plot .  
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the standard deviation of the counting output . When the standard devia-
tion was low,  the pen movement of the Brown recorder was fast and there 
was too much "wiggle" in the pen movement . If the standard deviation was 
high, the pen movement of the Brown was slow; at fast chart speeds , the 
pen could not move fast enough on scans to keep up with the changes in 
count rate . After some experimentat ion ,  a chart speed of l/2 inch per 
minute was established as be ing slow enough to  permit use of high standard 
deviat ion without los s of accuracy , without being so  slow that scanning 
became ted ious . A complete scan required 20 minutes . 
The log count rate meter covers a count rate change of from 102 to 
6 10 counts per minute , in 4 cycles . The l inear count rate meter covers 
a range of from 200 to 2 x 106 counts per minute by switching ranges . 
Range changes can be made in steps with e ither a factor of 2 or 5 change 
at each step. At a gross count rate of 2 x 106 counts per minute , there 
is a very small coincidence correct ion for the Nai crystal , but this is 
negligible compared to other counting errors in the system. 
The detector shield was made of sheet iron filled with poured 
molten lead . The dbnens ions are shown in F igure 8 .  Although there are 
4 inches or more of lead in the shield on all s ides except the back , the 
background is moderately high ins ide the shield because of its proximity 
to experimental l ines containing rad ioactivity. When an air flow is 
started through the FGD lines , the background increases about 100 per 
cent , depend ing on the flow rate and amount of contaminat ion in the air. 
The internal cavity in the shield was 11 inches high, 14 inches 
wide and 18 inches l ong . The detector is supported in the shield on an 
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aluminum stand ; it is centered vert ically and horizontally,  as viewed 
through the door , and pos it ioned about 1 inch from the FGD wire . The 
shield stands 9i inches above the floor ; the wire takeup mechanism beneath 
the shield rests d irectly on the floor . 
D .  Cal ibration of the Detector 
Before the Fiss ion Gas Detector equipment was put in use for actual 
measurements , the performance was checked and cal ibrat ion procedures 
worked out . The measured count rate of any counting system is a funct ion 
of the 3 components of the system: f irst , the s ource d is integrat ion rate , 
energy and geometry ; second , the detector response ; and third , the char­
acterist ics of the electronic circuitry. The detector response for a 
properly prepared and mounted scint illat ion crystal should vary only s low­
ly with time ,  if at all ; furthermore , any changes in the detector can be 
at least partially compensated for by adjust ing the electronics . The 
first phase of the counter cal ibrat ion was to  determine the system response 
to sources of various count rates and geometr ies . Then a procedure was 
worked out using a long half-l ife source so  that equivalent conditions 
could be maintained for repeated measurements .  The technique for doing 
this will now be descr ibed . 
For a given long half-life s ource in a f ixed geometry , the number 
of gamma rays entering the crystal per minute will be constant (within 
the l Units of stat istical variat ion) . If the detector response is con­
stant , then the count rate can be varied only by changes  in the electronics . 
The response of scint illat ion crystals and photomultipl iers is known to  be 
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1 1 1-113 a funct ion of temperature ; however the FGD was operated in an a ir-
conditioned building , and the temperature variat ions were small enough so 
that the detector sens itivity should not have been affected appreciably. 
There are 4 ways that the electronics could have affected the count rate : 
1 .  The count rate changes when the high voltage to  the phototube 
is varied . 1 14  Some instruments are cal ibrated by changing 
this voltage with a continuously var iable high voltage supply; 115 
however most modern counters , includ ing the FGD system, use 
stepwise-var iable high voltage suppl ies . The photomultipl ier 
voltage remains at one sett ing in these systems . 
2 .  The count rate meter characterist ics can change . Count-rate 
variat ions from this s ource are prevented by cal ibrat ing the 
count-rate meters against the 60 cycles per second signal from 
the AC l ine voltage . 
3 .  An amplif ier gain change causes a change in count rate . Cal ibra-
t ion of most counters is accomplished by changing the gain to 
produce the proper count rate for a standard source and geometry .  
A variation of this method was used for the FGD . A ces ium-137 
standard was chosen for the FGD cal ibration .  Ces ium-137 has a 
33-year half-l ife , so decay of the standard could be neglected 
during the per iod these measurements were be ing made ( about 1 
year) . Ces ium-137 has two gammas ; one at 0 . 032 Mev (actually 
due to barium-137m) and one at 0 . 662 Mev.  The calibration pro-
cedure will be described below.  
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4 .  The count rate will change if the gamma energy interval being 
counted changes . On both the l inear and l og count rate meters , 
very low voltage pulses correspond ing to  low energy gamma rays 
were not counted . This el iminated errors due to  amplif ier and 
photomult iplier noise , bremsstrahlung and other random pulses . 
This low energy cutoff must remain constant if the count rate 
is cons istent . When the amplifier gain is properly set , as 
described below ,  then the low energy cutoff can be accurately 
known. 
There are two ways the amplif ier gain can be set to give repro­
ducible count rates .  One method involves adjust ing the gain to  give a 
specified gross count rate with a standard sample in a f ixed geometry.  
This can be done with e ither the log count rate meter or  with the l inear 
count rate meter set in the Integral pos it ion . The geometry of the source 
must be invariant , and the same standard should be used every t ime . The 
other method of sett ing the gain involves the use of the pulse he ight 
analyzer with the l inear count rate meter .  The gain is set so  that the 
gamma scan covers a certain specif ied energy range , which for the FGD was 
0 to 1 . 0  Mev. This method is much more sens itive than us ing the gross 
count rate . The count ing standard does not have to be in a specified 
geometry , and its d is integrat ion rate does not have to be known. This 
means that sample decay does not influence the cal ibrat ion . Als o ,  the 
FGD scan energy range is set when the cal ibrat ion is performed , making 
any addit ional cal ibrat ion for use of the scanner unnecessary. 
The cal ibrat ion procedure was as follows : 
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1 .  The high voltage supply was left at the same setting cont inu­
ously.  
2 .  The l inear and log count rate meters were cal ibrated by compar­
ing the count rate output , as shown on the Brown recorders , 
with the 60 cycles per second input l ine frequency . 
3 .  Occas ionally , the Pulse He ight Analyzer l inearity , zero point 
and s l it width were checked and set us ing a test pulse 
generator . 
4.  A ces ium-137 standard source was placed in a sample holder 
attached to the scintillat ion detector . This source was 
evaporated onto a l-inch diameter watch glas s ,  mounted in a 
2-3/4 inch by 3-3/4 inch aluminum card with cellophane tape . 
s .  The Pulse He ight Sett ing (PHS ) dial on the Pulse He ight 
Analyzer was set at 662 , the energy of the ces ium-137 gamma 
peak . The s l it width was set at 1 volt . The l inear count 
rate meter was set on the Internal , Dif ferential pos it ion .  
6 .  The coarse and f ine gain controls on the amplif ier were ad­
justed to produce the maximum count rate on the l inear count 
rate meter.  This corresponds to the top of the ces ium-137 
peak . When the amplif ier has been set , then a PHS dial 
sett ing of 1000 corresponds to 1 . 0  Mev. 
7.  The l inear count rate meter was switched to Internal , Integral . 
The PHS d ial was set s o  that gammas above 0 . 05 Mev were counted . 
a .  The gross count rates on the log and l inear count rate meters 
were compared with previous ly determined values f or the same 
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standard in the same pos ition .  This provided a check on the 
accuracy of the cal ibrat ion .  
The performance of the gamma scan was evaluated by scanning several 
gamma standards and comparing the scans with the gamma spectra published 
by Heath . ll6  The standards were obtained from Mr . H .  L .  Parker of the 
ORNL Isotope Division .  The following isotopes were used : 
sod ium-24 
cobalt-58 
cobalt-60 
s ilver-110  
antimony-124 
ces ium-134 
ces ium-137 
gold-198 
The curves obtained from the FGD scan are on a l inear scale , whereas the 
curves in Heath are plotted on semi-log graph paper and must be replotted 
for an accurate compar ison .  The agreement , when this is done , is quite 
close . F igure 9 is a plot of a sod ium-24 scan taken on the 3 inch x 3 inch 
FGD crystal in a lead shield with an internal cavity of 11 inches x 14 
inches x 18 inches , compared to a curve from Heath us ing a 3 inch x 3 inch 
beveled crystal in a 12 inch x 12 inch x 24 inch shield . 
The absolute eff ic iency of the counting equipment for cobalt-60 
was also determined . A length of cobalt wire was irrad iated in hole 10 
of the ORNL Graphite Reactor . This wire was then cut to exactly 11  inches 
long, so  that it would f it ins ide the FGD shield in the same posit ion 
occupied by the FGD wire . This wire was coiled up and counted on the Oak 
Ridge National Laboratory Isotope Divis ion high pressure gamma ion chamber.  
This ion chamber has been calibrated us ing standard cobalt s olut ions and 
the calibration is checked daily with rad ium standards . The absolute 
cobalt-60 d is integration rate of a sample can be determined with an 
accuracy of :!: 2 per cent . The d is integrat ion rate for the cobalt wire 
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was determined to be 7 . 94 x 106 dis integrat ions per minute . 
The cobalt wire was taped into place ins ide the shield and co�nted . 
With the amplif ier gain set for a 0-2 . 0  Mev scan , the count rate on the 
log count rate meter was 4. 60 � 0 .20 x 105 counts per minute , which corre­
sponds to  4 .88 x 105 counts per minute f or a 0-1 . 0  Mev gain setting. Thus 
7 . 94 X 106 the ratio of disinte grat ions of cobalt-60 to counts is = 1 6 . 3  
4 . 88 X 105 
d is integrat ions/count at the usual amplif ier gain setting. By comparing 
the count rate of the other standards with the cobalt-60 standard count 
rate , a ratio of dis integrations per count can be obtained for the other 
standards counted ( l isted above) . This ratio of d is integrat ions per count , 
of course , is only val id for the geometry presented by the FGD wire as it 
passes through the s hield . 
CHAPTER IV 
EXPERIMENTAL RESULTS 
A .  Var iat ion of Count Rate with Wire Voltage 
The two variables which are eas iest to change in the Fiss ion Gas 
Detector are wire voltage and air f low.  Both of these quantit ies can be 
regulated remotely from the control cons ole . The variat ion of count rate 
with wire voltage was measured for several cond itions of a ir flow and 
wire speed . Nearly all measurements were made at a wire speed of 5 . 55 
inches per minute , and those results will be presented here . The effect 
of wire speed will  be cons idered later . All the data to  be d iscussed was 
taken on the l inear count-rate meter , us ing it in the Integral pos ition .  
The data from the l og count-rate meter paralleled that from the l inear 
meter , but d iffered s l ightly in magnitude . The log count-rate meter con­
s istently ran about 25 per cent lower than the l inear count rate meter ; 
this was attr ibuted to a d ifference in low-energy cut-off between the two 
count-rate meters . This difference in count rate introduced no pract ical 
d iff icult ies , s ince the two count-rate meters were cal ibrated independ­
ently of each other.  
The prec is ion and reproducibility of the wire voltage versus count 
rate measurements was a very encouraging ind icat ion of the poss ibility of 
quantitative use for the Fission Gas Detector . A Tripplet Model 630 
multhneter was used to measure the wire voltage . The accuracy of the 
Tripplet was checked with a standard voltmeter belonging to the Oak Ridge 
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Nat ional Laboratory Instrument Department ;  agreement between the meters 
was within 1 per cent on the scales checked . A plot of count rate versus 
wire voltage for low voltages is shown in F igure 10 .  Notice that zero 
voltage is in the center of the page and that negat ive voltage increases 
to the right . This convention will be followed in all succeed ing plots 
and the minus s ign will be omitted . As long as the wire was positive , few 
ions adhered to  the wire ; the total count rate is about twice background in 
this region . As the wire became negat ive , the count rate increased up to 
the voltage l imit of this run ( 35 volts ) .  The port ion of the graph from 0 
to 10 volts is quite l inear ; a similar l inear region has been observed in 
al l runs at low voltages . An anomalous high count rate was observed at zero 
appl ied volts when the FGD wire was not grounded . No DC voltage was observed 
between the wire and ground under these cond itions with a vacuum tube volt­
meter . This high count rate was at f irst attributed to the d ifferential in 
migrat ion speed between pos it ive ions and electrons . However , later measure­
ments showed that there was an AC pickup , amounting to  18 . 5  volts , present 
in the c ircuit when the wire was not grounded .  Apparently , it was this AC 
voltage which caused some ions to adhere to the wire . This AC pickup was 
not present when a voltage s ource or voltmeter , other than a vacuum tube 
voltmeter ,  was connected in the circu it .  
A count rate versus voltage curve taken over a wider voltage range 
is shown in Figure 11 . Three regions can be distinguished on this plot :  
( 1 ) the l inear l ow-voltage region ; ( 2) the count rate plateau at high 
voltages ; and ( 3) a connect ing region .  The plateau at high wire voltage 
may read ily be interpreted as a region of saturat ion ,  where all  of the 
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ions introduced to  the chamber or produced in the chamber are be ing drawn 
to the wire . This plateau is seen better in Figure 12 where the voltage 
is extended to  500 volts and data for several air f low rates is plotted . 
The l inear re gion of the graph at low potential can be pred icted from a 
cons ideration of ion migrat ion velocit ies in an electrostat ic f ield . How-
ever , before this is worked out it is necessary to know something about the 
trans it t ime of a fission product nucleus from the fuel specimen to the 
collect ion chamber . 
The Oak Ridge Research Reactor test system had 31 . 5  feet of 1 inch 
ins ide d iameter p iping from the fuel specimen to the junct ion with  the 
FGD sample l ine . The FGD sample line is 3/8-inch tubing; it was 16  feet 
from the junction with the main air l ine to the FGD col lection chamber . 
The collection chamber itself was 10 inches l ong and 1 . 75 inches ins ide 
d iameter . Now, the time for a particle to get from the fuel spec imen to 
the sample l ine junction is independent of the FGD flow,  while the t ime 
from the sample l ine junct ion to the chamber and the time spent in the 
chamber will be flow-dependent . The main l ine pressure during the run of 
Figure 10 was about 45 PSIG downstream from the test ; air flow at this 
pressure was 70 SCFM . The actual volume of air flowing through the system 
at 45 PSIG can be calculated from the perfect gas law if the temperature 
is known; the average exit-air temperature will be est imated at 200°F in 
order to make a rough calculation.  Then, actual volume of air = 70 SCPM x 
14. 5  659* 
---- x --- = 20 , 3  cubic feet per minute . Thus the l inear velocity of the 
59 .5  529 
*Atmospheric pressure is about 14 . 5  ps i .  Recall that standard con­
d itions for SCFM include a temperature of 70°F . 
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air through a l-inch pipe ( area 0 . 786 in . 2) would be 20 . 3  X 144 0 . 786 
= 3 . 7  X 
103 feet per minute = 62 feet per second . Since the d istance from the 
fuel specimen to  the sample l ine junction is 31 . 5  feet , the air required 
0 . 5  seconds to travel this d istance . 
The same pres sure of 45 PSIG at a temperature of 70°F exists in 
the FGD sample almost up to  the col lection chamber .  The travel t bne for 
a particle in this l ine depends on the flow;  Figure 13 is a graph showing 
this relat ion , computed as bef ore . The pressure within the chamber is 
sl ightly bel ow atmospher ic ;  this pressure was assumed to be 14 PSIG and 
the t ime a part icle rema ins in the chamber was calculated . This is also 
shown on F igure 13 and in Table I .  With this infonnation we will examine 
the curve in Figure 10 .  
Consider a ir enter ing the 10-inch long col lection chamber , f lowing 
upward through it and out the top .  As the air moves upward , ions in the 
air will migrate to the central wire with the ions nearest the wire be ing 
col lected f irst . Reference to Table I shows that the a ir spends approxi-
mate ly 4 times as long gett ing to the chamber as it d oes in the chamber 
for all flow rates . Also ,  the number of decays per second decreases with 
t ime , so that most of the ions collected by the wire will have been formed 
outside the chamber . * Thus the col lect ion pattern will approximate a cone , 
as il lustrated in F igure 14. If we assume a uniform f iss ion product 
concentrat ion in the air , then the count rate will  be proport ional to the 
volume of the cone from which collection occurs . This volume will increase 
*Assuming recombination is not rapid , which is a val id assumption 
for the low ion concent rations and short times being cons idered . 
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TABLE I 
AIR FLOW IN THE FISSION GAS DETECTOR SYSTEM 
Time in FGD Total Time Time in FGD Total Time in 
Air Flow Lead Line in Trans ita Chamber FGD System 
( SCFZ-0 (Seconds ) ( Seconds ) ( Seconds )  ( Seconds )  
0 . 2  15 15 . 50 4. 17 19 . 7  
0 .4  7 . 5  8 . 00 2 . 08 10 . 1  
0 . 6  5 . 0  5 . 50 1 . 39 6 . 9 
0 . 8  3 . 75 4 . 25 1 . 04 5 . 3  
1 . 0  3 . 0  3 . 50 0 . 833 4 . 3  
1 . 2  2 . 5  3 . 00 0 . 694 3 . 7  
1 . 4  2 . 14 2 . 64 0 . 595 3 . 24 
1 . 6  1 . 88 2 . 38 0 . 521 2 . 90 
1 .8 1 . 67 2 . 17  0 . 463 2 . 63 
2 . 0  1 . 50 2 . 00 0 . 417 2 . 42 
2 . 2  1 . 36 1 . 86 0 . 379 2 .24  
2 . 4  1 . 25 1 .  75 0 . 347 2 . 1 0  
2 . 6  1 . 15 1 . 65 0 . 320 1 . 97 
2 . 8 1 . 07 1 . 57  0 . 298 1 . 87 
�ime in main exit line = 0 . 5  seconds . 
Ratio of Time in 
Chamber t o  Total 
Trans it Time 
0 . 212 
0 . 206 
0 . 202 
0 . 196 
0 . 193 
0 . 189 
0 . 184 
0 . 180 
0 . 176 
0 . 172 
0 . 169 
0 . 165 
0 . 162 
0 . 159 
...... 
0 
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' 
t 
t 
lO in. 
t 
t 
FGD W I R E  
UNCLASS I F I E D  
OR N L - LR-DWG 56 597 
., A I R  FLOW OUT 
c 
VOI,.UM E  
OLLECTEO 
AI R FLOW 
IN 
Fig. t4. ton Col lect ion Vo lume in the F G  0 Col lect· 
ion C ha mber a t  Low Voltages.  
71 
72 
as tne voltage increases ,  unt il it reaches a l imit when the rad ius of the 
base of the cone becomes 2 . 22 em. , the rad ius of the collect ion chamber .  
The volume of this cone is 1/3 7r r� h where h = height of col lect ion 
chamber = 25 . 4  em. and 
c::. 
r0 = rad ius of base of cone = 2 ,21 em . 
The migrat ion ve locity of pos itive ions i� an electrostat ic f ield 
is given by , 1 17 -.2!_ = 11 E where � = ion velocity , cm . /sec : ;  u = 
dt / dt / 
mobil ity , cm. /sec . /volt/cm. ; and E = electric f ield strength , volts/em . 
For a charged wire pas s ing through a cyl in4er , the f ield strength E can 
118 be calcul�ted from the relat ion ,  
where 
V = volts 
E a __ ...;V;..._, __ 
r ln (b/a) 
r • d istance from center of central �ire 
b a d i�eter of cyl inder = 1 . 75 inches 
a = d iameter of central wire a o . 004 inches . 
v 
This reduces to  E = �6�.�0�8--r- when the values f or  b and a are inserted . 
Then , -..2!.. = )1 V 
dt 6 . 08 r 
Let to be the length of time a part icle is ins ide 
the collection chamber . Then 
equat ion gives , r 6 . 08 r d r 
0 
3 . 04 r� = )1 Vt0 
at t = t o, r = ro . 
= rp Vdt s o  
0 
2 _ }J Vto ro - 3 . 04 
Integrat ing the above 
� 2 _, }1 Vto Volume of cone collected from = l/3 n r0 h = l/3 " x  25 .4 x 3 • 04 
or , volume = const . x V at constant flow ( and t0) . From this we conclude 
that the count rate , which is proport ional to  this volume , is proport ional 
to the wire voltage : Count rate = const . x V ,  which is the l inear relat ion-
ship that was observed at low voltages . 
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It is poss ible to obtain an estimate of the length of th is l inear 
region from a knowledge of )l ,  the ionic mobil ity . When the mobil ity of 
an ion such as krypt on or xenon is measured in carefully pur ified air or 
nitrogen , the value is higher than that found in ord inary atmospheric 
air . 119 The value of )l that has been found f or large pos it ive ions migrat­
ing in ordinary air is 1 . 3  to  1 . 4  cm./sec ./volt/cm . 120 Now , the data plotted 
in Figure 10 were obtained at a flow rate of 0 . 52 SCFM ; an ion at this flow 
rate would remain in the col lect ion chamber for 1 . 6  secoads . This is the 
time t0 which an ion at the very outs ide of the chamber has to migrate the 
d istance r0 and adhere to the wire , before be ing swept out of the chamber . 
To calculate the voltage V which is just suff icient to do this , we sub­
stitute in the equat ion r2 = P Vto where t0 = 1 . 6  sec . , r0 = 2 . 21 em. ,  0 3 . 04 
and p = 1 . 3  cm. /sec . /volt/cm. This gives V = 7 . 1  volts , which is in 
reasonably good agreement with the observed 10 volt l inear region , cons ider-
ing the s impl ificat ions involved in these calculat ions . Another low-voltage 
measurement at a flow of 0 . 32 SCFM had a measured l inear region of 7 . 0  volts 
and a calculated l inear region from 0 to 4 . 4 volts , as shown in F igure 15.  
This demonstrates another pred iction of this theory , namely that as the 
f low increases and t 0 decreases , the length of the l inear portion of the 
count rate versus voltage curve should become greater . This can be seen 
from the measurements at d ifferent £tows shown in Figure 12 . The curve at 
2 . 37 SCFM is l inear up t o  at least 30 volts , while the lowest curve at a 
flow of 0 . 52 SCFM has a l inear region of less than 10 volts . The predicted 
1 inear voltage range at 2 .  37 SCFt-1 is 32 volts . 
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If the analys is just presented is correct , than at the end of the 
l inear count rate re gion nearly all of the f iss ion products are be ing 
collected by the wire . An argument can be advanced to explain the con-
tinued count rate increase beyond this point , up to the saturat ion value . 
This is as f ollows : If we assume that most of the ions are generated out� 
s ide the collection chamber ,  then as the voltage increases more of the 
ions will be collected on the lower part of the wire . Then the decay of 
these ions will be less before they reach the counter ,  and the count rate 
will be higher . At a wire speed of 5 . 55 inches per minute , the wire 
requires 1 . 87 minutes to get from the bottom of the chamber to  ins ide the 
shield ; from the top of the chamber this time is 3 . 67 minutes . F or short 
half-l ife isotopes , this d ifference of l , B  minutes could be significant . 
Let h be the length of wire in the chamber on which no collection 
takes place ( see Figure 16) . The length of the chamber is 25 . 4  em. and 
the wire speed is 14 . 1  em. per minute . Now,  a particle which can migrate 
2 . 21 em. in time t ,  where t is the length of t ime a part icle has been in 
the chamber ,  can migrate r0 em . in t ime t0• By s imple geometry: 
25 . 4-h 
2 . 21 
solving for h gives 
h = 25 . 4  -
= 
25 . 4  
ro 
25 .4  X 2 . 21 
ro 
but r0 was related to the wire voltage V by the formula , 
r2 = )l V to 0 3 . 04 
At constant f low,  t0 (and p> are constant , so that r0 = const .  x .JV. 
Thus , h = 25 . 4 - const . 
ff 
S ince all part icles are c ollected by t ime t ,  
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. I * we shall assume the average part icle is collected at t1me t 2 .  Then the 
average time T to the counter is 1 . 87 + t/2 minutes .  Express ing t in 
terms of h and the wire speed , 14 . 1 cm ./min . , gives t = 
T = 1 . 87 + 25 . 4-h 28 . 2  Subst itut ing for h gives T = 1 . 87 + 
25 . 4-h 
14. 1 
const . 
1/V 
Thus , 
= 
decay t ime , Now let us assume that the f iss ion products are decaying 
with decay constant )\ . Let A0 be the act�vity with no decay and A be 
Th -;\ T A - 1 . 87 .A - A  K/ff the observed count rate . en , A = A0e = 0e 
which reduces to  A = K1e
-K2/11f. This equati on should give the count 
rate in the trans ition region of the count rate versus voltage curve 
when K1 and K2 are determined . 
Referring to Figure 11 again , we shall use the count rate at 80 
and 200 volts to  determine , with two s imultaneous equat ions , the val ues of 
9 . 34 
K1 and K2 • This gives A = 182 x 103 e
- tV' This curve is also  plotted 
on F igure 1 1 .  As can be seen , it gives a good f it from 15  to 240 volt s .  
Above 240 volts ,  the saturat ion plateau begins and a further voltage in-
crease produces only a small count-rate increase . The saturat ion plateau 
is not f lat because of such factors as ion generat ion within the chamber 
and ion collection from outs ide the chamber . At high voltages , the wire 
will be able to attract , against the air f low,  ions which are generated 
part of the way down the exit line . 
*This i i 1 i s not str ct y correct s nee the re are more part icles at 
large r ,  but the f inal equat ion will not be altered by this assumption .  
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B .  Variat ion of Count Rate with Air Flow 
Before d iscuss ing the count rate versus flow curves ,  the effects of 
changing the a ir flow on the count rate versus voltage curves should be 
considered . Several curves of count rate versus voltage at various flow 
rates are shown in F igure 12 .  One effect of flow rate has already been 
pointed out s the l inear portion of the curve at low voltage is longer at 
high flow rates . This characteristic is emphas ized by a replot of the 
data at low voltages in F igure 17 . Another consequence of changing the 
flow rate is that , as the flow increases , the init ial voltage at which 
saturation occurs becomes greater . Thus , the plateau begins at around 60 
volts at o . s2 SCPM but d oes not start until over 200 volts at 2 . 37 SCFM. 
This means that the connecting region of the curves , f itted by the f ormula 
-K2/ JV A = Kl e , will also be shorter at low flow rates . For the curves 
shown in Figure 12 , the 2 . 37 SCFM curve is fitted by the equat ion A = 
14. 1 x 105 e-7 • 86/ .fV from 16 to 250 volts . A more accurately determined 
curve at 0 . 425 SCFM is shown in Figure 18.  The theoret ical curve A = 
4 . 8  x 104 e-5 •84/fi f its these measured values from 6 t o  60 volts , as 
shown . This result is the one that would be predicted from the change in 
flow veloc ity in the collect ion chamber ; saturat ion should occur at a much 
lower voltage when the a ir veloc ity is small . 
Turning now to the inf luence of flow on the count rate at constant 
voltage , we shall f irst examine the effect of changing the pressure of the 
system. A change in the pressure of the system affects the flow rate 
accord ing to  the relat ion shown in Figure 3 .  The pressure actual ly measured 
is the pressure at the Rotameter ; the collect ion chamber ,  as previously 
� 
� 
BACKGROUND VARIEb WITH AIR FLOW 
79 
UNCLASSIFIED 
ORNL - L R - DWG 5642t 
Gr------�------�--------+--------+-------r---------r--------� 
� 4 �----��----�--------�-----��--� 
Q: � 
� 
z 3r-----��-----�--�����---+--------r����------� � 8 
O Y-----��----�------�-------_. ______ _. ______ _. ______ � · o  10 20 30 40 50 60 
FG 0 WIRE VOLTAGE (volts) 
Fig. n. Linearity of Count Rate VS Voltage Curves at Low Voltage. Back ­
ground has b�en Subtracted . Fission Product Concentration was Constant . 
70 
(xl04) 
28 
24 
20 
w 
..... 
::> 
z 
:E 1 6  
0::: 
w 
0-
CJ) 
..... 1 2  
z 
::> 
0 
(.) 
8 
4 
0 
"ll 
I 
I 
f 
0 
J 
I 
� 
-
/ .)IK/ 
oX /' 
) 
·' 
X 
of v 
-: �  
UNCLASSIFI ED 
ORNL-LR-DWG 56422 
x-
-x-
·x-
! 
AIR FLOW = 0.425 scfm 
X EXPER I M ENTAL POI NTS 
o T H EORET I CAL PREDI CTI ON 
BAC KGROUN D = 3200 cpm 
. 
0 20 40 60 80 100 1 20 140 160 180 200 
FG D W I RE VOLTAGE (volts) 
Fig. I S. Count R a te vs Voltage at Low Air Flow. Background , 3200 Counts 
per M inute , H a s  Been S u btracted . 
· 
CD 
0 
8 1  
mentioned , always operates at slightly negat ive pressure . W ithin the 
pressure l imitations of the FGD system , from 0 to  about 30 PSIG , the f low 
change with pressure is relatively small .  Figure 19 is a plot of three 
count-rate versus voltage curves ( including the same one used in Figure 
18) all taken at 20 per cent flow but at pressures of 2 ,  1 0  and 20 PSIG . 
If we assume that the count rate increase at higher pres sure is exactly 
proportional to the increase in flow, then we can multiply the curves at 
2 and 1 0  PSIG by the appropr iate factors and closely approximate the 20 
PSIG curve . These factors as determined from Figure 3 are 1 . 43 for the 
2 PSIG curve and 1 . 1 8  for the 1 0  PSIG curve . The results , as shown in 
Figure 1 9 ,  are fairly close to the pred icted values ; when the curves are 
brought into coinc idence at 200 volts , the factors found are 1 . 34 and 1 . 14 ,  
respectively . 
If the data of Figure 12 are replotted , a ser ies of curves of count 
rate versus flow can be obtained at several values of wire voltage . This 
is shown in F igure 2 0 .  Several features of this group of curves can be 
correlated with what has been observed previous ly . The lowest curve , at 
1 0  volts , is l inear from about 0 . 9  SCFM on . This corresponds to the low 
voltage l inear region of the count rate-voltage curves . This is the 
region where the pattern of ion collection forms a conical volume such as 
that shown in Figure 1 4 .  The volume of this cone as derived in the pre-
ceding sect ion was f ound to be vol . = const . x V t0 where V is the wire 
voltage and t0 is the length of time a particle remains in the collection 
chamber . If we now let V be a constant and t0 vary , we note that t0 is 
inversely proporti onal to  the fl ow•. t a 1 w�ere F is the f l-� in SCFM 0 � lJ vw • 
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But whereas in the previous sect ion the count rate c ould be assumed pr o-
port ional to the volume of this cone , we now have t o  cons ider the added 
ef fect of the f l ow: whe n the f low doub les , the number of ions pas s ing 
through t he chamber per minute also doubles . Thus we conclude that count 
rate a F .  Comb ining these two effects , we obtain ,  count rate g const . x 
F V t 0  x F = c onst . x -p- = const . ,  when the voltage is f ixed . This should 
hold true when the voltage is l ow  enough and f l ow  high enough f or the c ount 
rate versus voltage re lation to be l inear. 
The actual curve obtained at 10 vol ts is not constant , but increases 
s l ightly w ith increas ing f l ow .  This can probably be attributed to an in-
crease in pre s sure w it hin the col lect ion chamber ;  this was assumed t o  be 
constant at a value s l ightly be low 1 atmosphere . However , t his pres sure 
does increase at high f l ow  rates be cause the chamber is larger than the 
ex it l ine ( 3/8 inch tub ing) which connects it to the reac t or of f-gas system . 
For instance , it has been obse rved t hat f or 30 PSIG pre s sure at the Rota-
meter , f l ows above about 80 per cent ( 2 . 8  SCFM) on the Rotamete r cannot 
be obtained because the Fiss ion Gas Detector pressure switch ( see p .  44) 
gives an alarm and shuts of f the flow. At high pressures , the rat io of 
flow t o  l inear ve l o c ity increases ; this should result , when inserted in the 
formula just de r ived , in a higher count rate . The l inear re gion at 30 volts 
starts at a higher f low than for 10 volts ; this is in keeping with the ob-
servat ion in the last section that the l inear part of c ount rate-voltage 
curves was only 30 volts l ong,  even at 2 . 37 SCFH . F igure 21 is anot her 
count rate ve rsus f l ow  p l ot , showing curves t aken at S vol ts , 1 0  volts and 
22 .5  volts at d iffering f is s ion pr oduct concentrat ions . In this plot the 
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l inear port ion of  the 5-volt curve be gins at 0 .73  SCFM ; f or the 10-volt 
curve th is val ue is aga in 0 . 9  SCFH and for the 22 . 5-volt curve , 1 . 15 SCfll . 
The connect ing region of the count rate-voltage curves wil l again 
appear at moderate voltages . The measured data f or the 60-volt curve , 
for instance , should l ie complete ly with in the connect ing re gion . This 
curve is plotted separately in Figure 22 . Assuming the same mechan ism 
t o  operate that was postulated in the previous sect ion ,  we can der ive a 
semi-empiri cal equati on which should f ollow the curve . The equati on which 
-K2/fV f itted the count rate-voltage curve s  was A = K1 e where K1 and K2 
were constants determined by matching the equati on t o  the curve . If the 
same reasoning is used , with voltage held constant instead of f l ow,  we 
f ind that the exponent ial port ion of this equat ion shou ld be changed t o  
-k2 ""{F'  e where F is the f l ow  rate . However , we must again insert a fact or 
of F in the equat ion t o  shCM the d irect dependence of c ount rate on the 
number of ions pass ing through the chamber .  Th is gives as a f inal result , 
-k.2"'lF A = k1F e • When this equat ion is f it ted t o  the curve of F igure 22 
at 2 . 08 and 0 . 52 SCFM , the result ing equat ion is A =  8 . 12 x 105 F e-0 • 844 VF, 
A plot of this equat i on is inc luded on Figure 22 : as can be seen ,  there is 
a f a irly good f it .  
At values of the wire voltage which are not completely within the 
connecting re gion , the above f ormula does not hold over the ent ire range 
of f l ow value s . F igure 23 is a plot of a curve take n  w ith 30 volts  on the 
wire . At high f low rate s ,  this curve will  be near ly l inear ; t he connect­
-1 . 01 -fF ing regi on is expressed by the equat ion A = 8 . 1 6  F e • This gives 
a good f it from 0 . 5  to 2 . 5  SCFM ; this curve is al s o  pl otted on F igure 23 . 
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We are now in a pos it ion to characterize better the saturat io� 
region of the count rate-voltage curves . Saturation occurs when the ions 
enter ing the bottom of the chamber are drawn Lmmed iately to  the col lect ing 
wire , so that only the part of the wire ( perhaps an inch long) which is 
just leaving the chamber collects ions . As long as this is true , then the 
count rate should be d irectly proport ional to the f low ;  when the flow 
d oubles , the count rate s hould double � The count rate should fol low the 
equat ion , count rate = const . x F .  From Figure 20 we can see that this 
is actual ly f ol lowed for l ow  f low rates and high voltages , where the satu­
rat ion plateau of the - count rate-voltage dbrves was ful ly devel oped . Above 
1 SCFM , however , even at 500 volts , the count rate deviates from this pre­
d ict ion .  This is a consequence of the longer connect ing region . The tur­
bulence of the a ir at higher f low rates probably has an effect in producing 
deviat ions from non-l inear ity . 
C .  The Variat ion of Count Rate w ith  Wire Speed 
A third var iable in the Fiss ion Gas Detector system which will 
affect the performance is the wire speed . The wire speed was s omewhat 
more d iff icult to  change than the air fl ow or wire voltage . To  accomplish 
this , the 2 revolution-per-minute Bod ine motor on the wire drive was re-
moved and a motor of a d ifferent speed subst ituted . The wire s peed through 
the Fiss ion Gas Detector is directly proportional to the mot or RPM . Only 
a few m� 9f� 9f �� itable speed range were available , so the effects of wire 
' 
speed change were not determined as r igorously as the voltage and flow rela­
tions . However , some useful data were obtained . 
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A determinat ion of the var iat ion in count rate w ith wire s peed was 
made at constant f iss ion product concentrat i on .  For this measurement 1 ,  
2 ,  6 ,  9 . 3  and 2 3  RPM mot ors were used . F igure 24 is a plot of the data 
obtained ; the RPM of the mot or is p lotted as an ord inate and counts per 
minute as the abcissa .  It is apparent that the count rate-wire speed 
relat ion w ill be great ly influenced by the geometry of the Fiss ion Gas 
Detector . Two effects can be d ist inguished . When the wire speed is in-
creased , the length of t ime the w ire spends in the c ollect ion chamber will 
be reduced , and the t ime for the wire to  get from the c olle ct ion chamber 
to the c ounter will be reduced . Regard ing the f irst of these e f fects , let 
us cons ider the case of h igh wire voltage , producing the count rate plateau 
d iscussed in Sect ion A .  In this case , nearly all of the f is s ion product 
ions w iil  be collected on the bottom part of wire just as it leaves the 
collecti on  chamber .  If we let C be the concentrat ion of ions col lected per 
cent imeter on the w ire at wire speed S ,  then when the wire speed is doubled 
the ion concent rat ion w ill be halved ( s ince the same number of ions will be 
spread over twice the length of wire) . Thus we can write C a _!_ • 
s N�, 
the count rate will depend on the total number o f  ions i n  the detector 
shie ld ; s ince the length of w ire in the shie ld is constant , the c ount rate 
varies w ith the ion concentrat ions : 
1 
count rate a -s- . This rel at ion may 
seem less obvious when the voltage is below the plateau value , but it will 
still be true because , as will be seen shortly,  the count rate-voltage 
curves have the same shape f or all w ire speeds .  
The second effect of wire speed on c ount rate will be the decreased 
delay from the col lect ion chamber to the detect or at higher speeds . The 
9 1  
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measured wire s peed of the 2 RPM motor was 5 . 55 inche s  per minute . S ince 
the d istance from the bottom of the collect ion chamber to the ins ide of 
the shie ld ( see  F igure 4) is  10-1/8 inche s , the t ime for the wire t o  
travel th is d istance will b e  1 . 87 minutes . This delay has been measured ; 
air f low and voltage through the Fiss ion Gas Detector were started before 
the wire drive was turned on and ions were collected on the wire . Then 
the w ire dr ive was turned on and the t ime bef ore a s ignif icant count rate 
increase occurred was observed . This tended to give a l ow  result , s ince 
the c ount rate started t o  cl imb bef ore t he wire actually entered the de-
tector shie ld , but t he measured t imes were about 1 . 75 minutes .  Tab le II  
is a tabulat ion of  wire speed and t ime from colle ct i on  chamber t o  shie ld 
f or each motor s peed . 
Fol l owing the s ame reas oning that was used in explain ing the count 
rate-voltage results in Sect ion A of this chapter ,  we can as sume a constant 
half-l ife  f or the mater ial collected on the w ire and postulate that count 
rate a e- AT where T is the delay t ime from the chamber t o  the detector , 
and A is the decay constant of the mater ial . * The val id ity of assuming 
a constant half-l ife f or decay was not d is cu s sed in Sect i on A. This approxi-
mat ion is not actual ly val id when more than one f iss ion product nucl ide is 
collected on the w ire , and the act ivity of the F-2 test system FGD w ire 
can always be resolved into at least two components .  Howeve r ,  at a con-
stant w ire speed the initial decay of the mixed f iss ion products is very 
close to having a constant half-l ife . For this reason , the relat i ons worked 
* The decay 
s ion = _o_,. 6_9�3- • 
t ! 
constant A is related t o  the half-l ife t� by the expres-
93 
TABLE II 
FGD WIRE SPEED , DELAY TIME AND MOTOR SPEED 
Motor Calculated Measured Calculated 
Speed Delay T ime Delay Time Wire Speed 
(RPM) (M inutes )  (Minutes ) ( InchesMin . )  
1 3 . 74 3 . 1  2 .  7 8  
2 1 . 87 1 . 75 5 . 55 
6 0 . 623 16 . 65 
9 . 3  0. 402 <. 1  25 . 8  
23 0. 162 ....... 2 sec .  6 3 . 6  
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out f or count rate versus f l ow  and voltage at constant wire speed are 
val id .  When the wire s peed is changed , a d ifferent s ituat ion arise s : 
at high wire speed , not only is the decay t ime t o  the dete ct or shorter ,  
but s hort half-l ife  is otopes are emphas ized relat ive to l onger half- life 
nuclides . The reverse is true at low wire speed . Thus an isotope with 
a 1 minute half-life would be decayed hardly at all when the w ire speed 
is 23 RPM , while it would be over 2/3 decayed at 1-RPM . A 10-minute half-
l ife isot ope on the other hand would be l ittle af fected at e ither w ire 
speed ., 
For this  reason , A will not act as a constant , and a s imple expres-
s ion for the var iat ion of c ount rate with wire drive cannot be obtained . 
Neverthe less , we can der ive an equat i on which has the general features of 
the exper imental res ults . Comb ining the two factors we have just d is - .  
cussed g ives , count rate = 
const . 
s 
- AT . . x e where S 1s the w 1re speed or 
mot or speed . N ow  T ,  the delay between c�llect or and detector , is propor-
t · 1 1 /  h · -- _
cl e-
C2/S where C2 , con­tona t o  ,s ; t us we can wr 1te , c ount rate s 
tain ing the decay constant A. ,  is as sumed t o  be a constant . The constants 
Ct and c2 can be determined by solving two s imultane ous equat ions us ing 
two exper imental points ; this was done , us ing the data at 9 0 3  and 23 RPM. 
The results were ad justed s l ight ly to 
plotted in F igure 24 is count rate = 
in RPM . The effe�t of a non-constant 
give 
2200 
s 
)... is 
a better f it ;  the equat ion 
-7/S e whe re S 
clearly s hown 
i s  expressed 
on this plot ;  at 
low RPM, t he count rate is higher than pred icted because the longer half-
l ife components d id not decay off fast enough . However , the general shapes 
of the two curves are the same . 
9 5  
The same data are plotted against decay t ime as an abc is sa in Figure 
25 . The d ifference between theory and experiment is accentuated in this 
graph , s ince the theoret ical equat ion was arb itrarily forced to f it the 
short-delay end of the curve . The form of the equation when plotted 
against t ime is , count rate = ct T e -C2T . A better f it to the exper imental 
curve should result from a two-group decay express ion ,  such as count rate = 
C1T e
-C2T + c3T e-C4
T . Unfortunately, curve f itt ing with such a formula 
is very d iff icult ; s imultane ous solution of four such equat ions can be done 
only by trial and error , while other methods of curve f itt ing such as the 
method of least squares require that the terms be expanded in ser ies and 
very laborious calculat ions performed . 
Count rate versus voltage curves were run at var ious wire speeds 
for several values of a ir flow. This was done at 1 ,  2 ( already discussed) , 
9 . 3  and 23-RPM . These curves are shown in Figures 26 , 27 and 28 . The 
count rates are d ifferent for the three cases , reflecting the change in 
count rate at d ifferent wire speeds and pos sibly a change in f iss ion 
product concentrat ion f or the d ifferent runs ; but the appearance of these 
curves is general ly the same as for the 2-RPM graphs . To determine how 
closely the curves dupl icated each other for equivalent count rate , the 
data at 30 per cent flow for all wire speeds was normal ized to the 2 RPM 
curve at 200 volts .  The results are shown in Table I I I  and Figure 29 . 
As the graph shows , the curves are ident ical within the l imits of experi­
mental error . This also holds true when the same procedure is used for 
the other flow rates , or if the count rate-flow curves at constant voltage 
are compared . This seemed somewhat surpr is ing at f irst , but a review of 
(x to5) 
12 
10 
IJJ 
1-
� 
z 8 
::iE 
0:: IJJ a_ 
� 6 
z 
� 
0 (.J 
4 
2 
0 • 
WIRE VOLTAGE = 10.0 v 
AIR FLOW = 1 .30 scfm 
UNCLASSIFI� 
ORNL-LR-DWG 56603 
• EXPERIMENTIAL POINT 
o THEORETICAL PREDICTION 
0 0.4 0.8 1.2 L6 2.0 2.4 2.8 3.2 3.6 4.0 
TI ME FROM COLLECTION CHAMBER TO COUNTER ( min ) 
Rg. 25. Count Rate vs Delay Time Between Col lection Chamber and Detector. Wire 
Voltage and A i r  Flow a re Constant. Background, 3 . 2  x 104 Counts Per Minute, has 
been Su btracted . 
\0 01 
UNCLASSIAED 
ORN�-LR-DWG 56604 
(x 105) 
w 1-::> z 
� 
a: w CL 
(fJ 1-z 
::> 
0 
(.) 
8 ·. 2..58 scfm 
6 
5 
4 
3 
2 
�4 �---
./ 
1/
. 
tSZ scfm Jl. 
I .... / � 
,l / v 1 .30 scfm _,.. l,..----
/; 
./ v· v�/ 
0.78 scfm • 
tf! 
, � I � 0.52 scfm A 
f;f 
� 
BACKGROUND VARIED WITH AIR FLOW f �� 
7 
1 
I !::a 0 
0 100 200 300 
FGD WIRE VOLTAGE (volts) 
• 
.. 
. .... -
• 
400 500 
Rg. 26 . Count Rate vs Voltage Curves for a Motor Speed of 1 rpm. Background has 
been Subtracted from Each Curve . Fission Product Concentration was Constant. 
.0 
-.J 
UNCLASSIFIED 
ORNL-LR-DWG · 56605 .Cx 105) 1.82 scfm 
w 
f-::::> z � 
a:: 
w 
a.. 
(J) 1-z ::::> 0 
u 
1 '1.30-scfm 
20 
16 
0.78 scfm 
1 2  
0.52 scfm 
8 
4 
BACKGROUND VARIED WITH AIR FLOW 
0 
0 100 2.00 300 400 500 
FGD. WIRE VOLTAGE (volts) 
Fig. 27. Count Rate vs Voltage Curves for a Motor Speed of 9.3 rpm. Background has 
been Subtracted from Each Curve. The Curves at 1.30, 1.82 , 2.58 scfm were not 
Completed B ecause the Count Rate Meter was Saturated. Fission Product Concentration 
was Constant. 
'() CD 
U NCLASS I FI ED 
O R N L-LR - DWG 5 6606 
(x 105) 
BACKGROU N D  VAR I ED 24 1 W ITH AI R FLOW 
� 20 
� rr-t-��===-t--L_L � 1 6 r---�:-----���r:������;;==�----�----L_ __ j 
� 1 2  -
z 
::> 0 .78 scfm 
0 I (.) 8 _Jl, / ../1 /l/71 " I I 4 I I r I 0 .52 scfm 
4 1 .� I -+= I I o I I I 1 I 
o lf':"di·----==--�� I I I I I I I I 0 50 100 1 50 200 
F G  D W I RE VO LTAGE (vo l ts )  
..6 
r-
@ 
500 
Fig .  28.  C o u nt Rate vs Vo ltage Cu rves for a Motor S peed of 2 3  r p m . Back ­
g ro u n d  h a s  been S u btracted from Each Cu rve . Fission P rod uct Concentration 
was Consta n t . \0 \0 
100 
TABLE III 
NORMALIZED COUNT RATE - VOLTAGE CURVES AT DIFFERENT WIRE SPEEDS 
1 RPM 9 . 3  RPM 23 RPM 
Volts 2 RPM X 1 . 37S X 0 . 278 X 0 . 47S 
1 1 . 4  X 104 2 . 1  X 104 l . S X 104 l . S X 104 
10 9 . 4  X 104 9 . 6  X 104 8 . 8  X 104 9 . 0  X 104 
30 2 . 17 X lOS 2 . 21 X 10S 2 . 18 X 105 2 . 1 6  X lOS 
60 3 . 07 X lOS 3 . 04 X lOS 3 . 06 X 10S 3 . 11 X 105 
120 3 . 77 X lOS 3 . 80 X lOS 3 . 84 X lOS 3 . 82 X lOS 
2008 4 . 07 X lOS 4 . 07 X 10s 4 . 07 X 105 4 . 07 X 105 
500 4 . 27 X 105 4 .21 X 10S 4 . 2  X 105 4 .21 X lOS 
8Al l curves were normal ized to 200 volts . 
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the theories advanced in Sect ions A and B d isclosed no reason to  suppose 
that wire speed would inf luence the shape of these curves . Thus , the 
linear low-voltage region depends pr imari ly on the air velocity and col­
lection chamber d iameter ;  the connect ing region will pers ist unt il satu­
ration is reached , and the voltage required for saturat ion does not depend 
on wire speed . From this we can infer that the d istance from the collec­
tion chamber to  the detector will influence the count rate but not the 
shape of the count rate-voltage or count rate-air flow curve s .  The use­
fulness  of the data presented in these three sections will be d is cussed 
after an examinat ion of the capabilities of the Fiss ion Gas Detector f or 
ident ifying isotopes . 
D .  Isotope Ident if icat ion 
1 .  Introduction 
In principle , it is poss ible to character ize and identify any 
s ingle gamma-emitting rad ionucl ide from a measurement of its gamma 
spectrum and half-life for decay. This is true even with the relat ively 
poor resolution available from sc intillation spectrometry , because the 
total number of rad ionuclides is limited (about 1026 presently known) . 
The best method for accompl ishing identificat ion is t o  obtain a pure 
unknown sample , run a gamma spectrum, and compare this with  the curves 
in Heathl21 or Crouthame1 . 122 If the is otope is one whose spectrum does 
not appear in these s ources , it is st ill poss ible in many cases t o  
ident ify the unknown is otope by compar ing the measured gamma energies 
with a tabulat ion of known gamma energies for the var ious radionuclides . 
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This , coupled with a half-l ife determination will ident ify the nucl ide 
present . A chart to aid in such identif icat ions was re cently publ ished 
in Nucleonics . 123 When more than one nucl ide is present the problem is 
more d iff icult , but resolut ion is still poss ible in s ome cases . Quant i-
tat ive measurements of mixtures , however , require favorable cond it ions 
such as widely d isparate half-l ives or gamma energies . Work is presently 
being conducted , especially in the f ield of act ivat ion analysis , on un-
f ld . th f d '  l ' d  i 124, 125 0 1 • d o 1ng e spectra o ra 1onuc 1 e m xtures ; as prev1ous y ment1one , 
these unfold ing methods are st ill incompletely developed and often require 
the aid of · a large computer . 
It is apparent that if the gamma energies of a nucl ide are unknown , 
then ident ificat ion of the nucl ide by this method will be imposs ible . 
The decay of the mater ial col lected on the FGD wire is fairly rapid ; most 
of the act ivity exhibits  a half-l ife between 30 minutes and 30 seconds . 
Very little inf ormat ion on gamma energies f or f is sion products with half-
l ives shorter than 30 minutes is available . Furthermore , the half-l ife of 
many of these f iss ion products has not been establ ished with any certainty. 
In spite of this d iff iculty , a knowledge of the operat ion of the Fission 
Gas Detector permits the l ist of pos sible isotopes involved to be narrowed 
cons iderably . The following cr iter ia were set up f or a prel iminary in-
vestigat ion of the f iss ion products be ing detected on the FGD wire : 
1 .  The half-l ife of the f is s ion product nucl ide must be between 
30 seconds and 1 hour . 
2 . The nucl ide must be a gamma emitter . 
3 .  The nucl ide must have a predecessor , .!·!· • it cannot be the 
f irst member of a decay chain . 
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4 .  The predeces sor must have a half-l ife comparable to the time 
required for it to reach the col lect ion chamber ,  or shorter . The reas on 
for this restriction wil l be explained later .  
s . The fiss ion yield of the nuclide must be greater than 0. 1 per 
cent . 
several tabulat ions of the properties of f iss ion products are avail­
able . One of these is by J .  o .  Blomeke , 126 which has several convenient 
tables of nuclear propert ies of the f iss ion products . A more recent 
compilat ion was publ ished in Nucleonics ; 127 this gives prominent gamma 
energies for al l nucl ides and l ists the f iss ion product decay chains . 
The "standard" tabulat ion of gamma-ray energies is found in the Apr il 1958 
is sue of the Reviews of Modern Phys ics , 128 which gives a very complete 
l iterature survey of the nuclear properties of all rad ioisotopes known up 
through February 1958 . Another source of gamma energies is Append ix IV 
of Crouthamel ' s  book . 129 For quick reference , the Tril inear Chart of the 
Nucl ides130 provides much inf ormation ,  includ ing half l ives ;  this informa­
t ion is kept current by periodic revis ions which are is sued at least twice 
a year . Unless otherwise stated , the data published in Nucleonics will 
be used here . 
When the fis s ion products with half-lives between 30 seconds  and 
1 hour are checked against the criter ia l isted above , many of them can be 
el iminated . Those that remain can be fitted into one of the following 
mass chains : 84, 85 , 87 , 89 , 90 , 91 , 92 ,  93 ,  94 , 95 ,  99 , 101 , 104 , lOS , 
107 , 130 ,  131 , 1 32 ,  1 33 ,  134 , 137 , 138 , 139 , 140 , 141 , 142 , 143 , 147 and 
148 .  This constitutes 29 mass chains of the 81 l isted for f iss ion 
products . These mass chains as given in Nucleonics are shown in Table IV . 
Mass No. 
a4 
a5 
a7 
a9 
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TABLE IV 
SELECTED DECAY CHAINS AND YIELDS FOR THERMAL NEUTRON FISSION OF u235 
3 .  3-m Se a4 ----+ 
1 . 1  
a5 39-s Se � 
-1 . 1  
16-s se< a7 ) � 
"'2 
6 . 0-m Bra4m 
0 . 019 � 
�Stable Kra4 
3l . a-m Bra4� 1 . 00 
0 . 92 
-
a5m 4 . 4-h Kr -............_0 .  775 
3 . 00-m Bra� lo . 225 � Stable Rba5 
1 . 5  � a5� 1 . 30 10 . 6-y Kr 
0 . 293 
-
�0 . 03 Stable Kr
a6 
5 .45-s Bra  + Neutron 
2 . 7  � 10 a7 ..... o . � ,  � 7a-m Kra7 � 5 x 10 -y Rb 
2 . 7 2 . 49 
a a 2 . a-h Kr 
N0. 1� + Neutron a9/ 4 . 4-s Br 
( 3) ..-o.� 3 .2-m Kra9 
4 . 59 
� 15. 4-m Rba9 
4 . 8  
a9m 16-s  Y .... 0 . 0003A l 
89..........----+ 50. 5-d Sr � 
89 � ..... 0 .9998�table Y 
�. 15 
3 . 2-m Kr89 
1 .  6-s 8;9or + Neutron 
( 1 .7 )  � 
33-s Kr90 
5 . 0  
� 2 . 7-m Rb90 � 2a-y sr90 � 64 . 3-h y90 � Stable zr90 
5 . 9 5 . 77 5 . 77 
.... 
0 \JI 
Mass No.  
91 
92 
93 
94 
95 
TABLE IV ( CONTINUED) 
10-s Kr91 � 72-s Rb91 � 
3 . 45 5 . 43 
( 80s?)  
0 . 60.:..51-m y
9lm 
9 . 7-h Sr91---
' 1 ...... ... 
5 . 81 � J '"stable zr91 0 " 40�8-d y91 � 5 . 84 
.-.�5 .  4 
3 . 0-s Kr 92 --+ 5 . 3-s Rb92 ----+ 2 .7-h sr92 � 3 . 6-h Y92 � Stable Zr 92 
1 . 87 5 . 5  5 . 3  
2 . 0-s Kr93 � 5 . 6-s Rb93 � 7 . 9-m Sr 
0 . 48 4 . 4  6 . 4 
-
.-..�1 .  00 12-y Nb93m 
1 . 1 x 106-y zr93 ? � 
6 • 45 ... - ... � stable Nb93 
1 . 4-s Kr94 --+ 2 . 9-s Rb94 ---}!- 1 . 3-m Sr 
0 . 10 2 ·. 9 5 . 8  
93 
94 
Short Kr95 --+ (Short Rb) ----+ 40-s sr95 
0 . 007 1 . 6  4 .  7 
0 0 90-h Nb9
5m 
65-d Zr � l Stable Mo95 
6 . 2  0� / 6 . 27 • 9� 35-d Nb95 
6 . 4  
--? 
� 
� 
6 . 1  6 . 03 
10 . 3-h Y93 ___, 
6 . 1  
-
20-m Y94 � Stable Zr 
5 . 4  6 . 40 
10-m y95 
6 . 4  
---7 
94 
..... 
0 0'1 
Mass No .  
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TABLE IV ( CONI'INUED 
33-s zr99 � 2 . 4-m Nb99 � 
( 4 . 3) ( 6 .0 )  
0 . 8..)r 6 . 0-h Tc99
m 
99 � 99 66 . 5-h Mo ! Stable Ru 6 . 06 o . � � ---- -- � . 1 X 105-y Tc99 
6 . 1  
1 01 1 . 0-m NblOl � 14. 6-m Mo101 --7 14. 0-m Tc101 � Stable Ru101 
( 4. 0) - 5 . 6  5 . 0  5 . 0  
104 (< 2 . 5-m Mo104) � 18-m Tc104 � Stable Ru104 
1 05 
107 
1 30 
131 
( 1 . 2 )  ( 1 . 8)  1 . 8 
( < 2-m Mo
105) � 9-m Tc 105 --+ 4 . 45-h Ru105
�38-s Rh
105m 
0 . 9 � 36-h Rhl05 ---- Stable Pd
l 05 
0 . 6 0 . 9 
(< 1-m Tc
l07) � 
0 . 1 6  
45-s Rh107m 
4 . 6-m Ru107
� ! 
7 x 
0 . 2  � � 22-m Rh107 
0 . 19 
0 . 9 
106-y Pd107 � Stable Ag107 
0 . 2  
2 . 6-m sn130 --+ 
2 . 0  
7 . 1-m Sb130 � Stable Te130 
2 
131m 1 31m 
131 3 . 4-m Sn --+ 
( 2 . 6) 
0 15 30-h Te 
� 
O 008 12-d Xe � 0 . 44 o. 8o · 
23-m Sb131 ---- lo . 20 8 . 05-d 11 31� 1 
2 . 6  o .� � /--3 . 1 0 • 9� 
24-m Te131 Stable xe131  
2 . 9 2 . 93 
.... 
0 ....a 
Mass No .  
1 32 
133 
TABLE IV (CONTINUED) 
2 .2-m Sn132 � 2 . 1-m Sb132 � 77-h Te132 --+ 2 . 30-h rl32 � Stable xe132 
( 3 .4) 3 . 4  -4. 7  4 . 4  4 . 38 
�2- T 1 33m 133m 0 m e �87 0 - 02/ur 2 . 3-d Xe 133 9 • � -4 . 1-m Sb --·-- t0 . 13 0 . 8-h rl 33  I Stable Csl33 � 0.� 2 T 133� 6 . 9  () .976 t 133� 6 .59 -m e . 27-d Xe -
6 . 62 
134 ( 50-s Sb134) � 43-m Te134 � 52 . 5-m 1134 � Stable xe134 
137 
1 38 
139 
3 . 0  6 . 9  7 . 8  8 . 06 
24. 4-s 
4 . 9  
-o . �Stable xel 36 
r l3� + Neutron 
�o� 3 .9-m xe137 
6 . 00 
� . o3�3 . 9-m xe
l37 
6 . 3-s  1138� 
+ Neutron 
--+ 
1 37m 2 .57-m Ba o .r 
l 137 30-y Cs � 137 6 . 15 ° · 08 �table Ba 
3 . 4  .....0 . 9�17-m xe138 
5 . 49 
� 32. 2-m cs138 � Stable Ba138 
2 . 0-s 
1 . 8 
5 . 8  5 . 74 
-'0. 0� 17-m xel38 
1139 �  + Neutron 
-o.� �
9 .5-m csl 39 
� v �1-s xel39 � 
6 . 47 
5 . 4  
� 83-m Ba1 39 � Stable La139 
6 . 55 
.... 
0 Q) 
TABLE IV (CONTINUED)  
Mass No .  
140 1 6-s xe140 � 66-s cs 140 � 1 2 . 8-d Ba140 ----)> 40 . 2-h La140 � Stable ce140 3 �8  6 . 0  6 . 35 6 . 35 6 . 44 
141 1 . 7-s xe 141 � 25-s cs 141 ---7'- 18-m Ba141 ---7 3 . 8-h La141 __,. 33-d ce141 ----+ 1 . 33 4 . 6 6 . 3  6 . 4  -v6 . 0  - - -
Stable Pr141 
142 -'l .  5-s xe142 � <8-s cs142 � 10-m Ba142 � 81-m La142 ---+ Stable ce142 0 . 35 3 . 4  5 . 6  5 . 9  6 . 01 
143 1-s Xe143 --7 ( Short Cs ) � 13-s Ba � 18-m La143 � 33-h Ce143 ---:)> 0 . 051 1 . 9  4 . 9  6 . 2  6 . 0  
13 � 7-d Pr143 � Stable Nd143 
6 . 2  6 . 03 
147 147 147 147 11  147 147 1 . 2-m Ce --7 12 . 0-m Pr � 1 1 . 1-d Nd � 2 . 6-y Pm � 1 . 3  x 10  -y Sm 
( 2 .4)  ( 2 .4 )  � 2 . 7  2 . 36 
148 40-s ce148 --+ 1 . 95-m Pr148 � Stable Nd148 
( 1 . 7) ( 1 . 7) 1 . 71 
Note : Underl ined yield values have been measured . Those yie ld values in parentheses are 
est imated by the method of the Append ix . All othe r yield values are taken from the compilat ion by 
Blomeke . 126 
Dashed arrows ind icate branching which is suspected but has not been exper hnental ly observed . Nuclides in parenthes is are suspected but have not been observed . 
.... 
0 \0 
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A l ist of the isotopes from each chain which would be c ounted by the FGD , 
with the ir gamma energies , is in Table v . * Note that in thus restr ict ing 
the f iss ion products to be cons idered , no ment ion has yet been made of 
the gamma energies of the fiss ion products nor of the probabil ity of their 
release from the fue l e lement . Before we proceed further ,  the @4mma 
energy measurements of the FGD wire will be presented ; this will permit 
el �inat ion of a few is otopes whose gamma spectra are known. Then an 
est imat ion of the relative release of material f rom the fuel  matrix will 
be made , so  that the isotopes to  be expected on the wire can be more 
accurate ly spec ified . 
2 .  � Energy Determinat ions 
The count ing equipment for the Fiss ion Gas Detector was des igned 
so that the gamma energy of the fis sion products could be determined as 
an a id to the identif icat ion of the isot opes be ing counted . The factors 
to be cons idered in de s igning a sc int illat ion spectrometer are d iscussed 
by P .  R . ne11 1 31 and Heath. l2l A relat ively large scint illat ion crystal 
was used to increase the fract ion of a gamma ray adsorbed in the crystal . 
The internal cavity of the detect or shield was made as large as space 
would permit to reduce lead X-rays and backscattering. The resolut ion 
obtained from the spectrometer , as previous ly ment ioned , was about 7 . 5  
per cent . Backscattering and other interferences were comparable with the 
values observed by Heath for the same isotopes and us ing a 3 inch x 3 inch 
crystal in a shield of comparable d imens ions . 
*This l ist will be referred to as the "expected isotopes" or 
"expected nucl ides" . 
Nuclide 
Kr89 
Kr90 
Rb90 
Rb91 
Rb9lm 
Sr93 
Sr94 
I 
Sr95 
y
94 
y
95 
Nb99 
Tc104 
TelOS 
Sbl30m 
Sbl31 
Sbl32 
Tel33 
Tel 33m 
Tel34 
TABLE V 
A LIST OF EXPECTED NUCLIDES ON THE FGD WIRE 
Half-Life 
(Minutes )  
3 . 2  
o . ss 
2 . 74 
14  
1 . 67 
8 . 2  
1 . 3  
0 . 7  
16 . 5 
10 . 5  
2 . 4  
18 
10 
7 
22 
1 . 9  
2 
60 
44 
Predecessor 
Nuclide 
Br89 
Br90 
Kr90 
Kr91 
Kr91 
Rb93 
Rb94 
Rb95 
Sr94 
Sr95 
Zr99 
Mol04 
Mol OS 
snl30 
Snl31 
snl32 
Sbl33 
sbl33 
Sbl34 
First 
Half-Life Predecessor 
(Seconds)  Nucl ide 
4 .5  
1 . 6  
33 Br90 
9 . 8  
9 . 8  
5 . 6  a Kr93  
2 . 9a Kr94 
Short 
78 Rb9_4 
-42 Rb95 
35 
< 150a 
<:120 
156 
204 
132 
246 
246 
45 
111 
Half-Life 
( Seconds )  
1 . 6  
2 . 0  
1 . 4  
2 . 9a 
Shortb 
TABLE V (CONTINUED) 
F irst 
Half-Life Predecessor Half-Life Predecessor Half-Life 
Nucl ide (Minutes) Nucl ide ( Seconds)  Nuclide ( Seconds)  
xel37 3 . 9  1 137 22 . 0  
xel39 0 . 684 1 139 2 . 7  
Csl39 9 . 5  xe139 41 1 139 2 . 7  
csl40 1 . 1  xel40 16 
Bal41 18  csl41 25a xel41 1 . 7 
Lal43 19  Bal43 1 3a Cs l43 Short 
Prl48 2 . 0  Cel48 42 
&ualf-l ife taken from decay chain tabulat ion of Nucleonics . 123 
b.rhese expected nucl ides have more than two predecessors . One 
predecessor nucl ide is assumed to have 0 half-l ife . 
Note : Half-l ives were taken from the Trilinear Chart of the 
Nucl idesl30 except where specif ied . 
b 
112 
11 3 
The pos ition of a well-def ined peak on the chart could be deter­
mined to within 0 . 1  inch in a 10-inch long scan. Thus , the energy of a 
peak could be determined to within ! 0 . 01 Mev for a l . OO�ev scan . This 
precis ion was verified by running scans of known standards . After the 
detector cal ibration procedure had been worked out , a number oe gamma 
scans of the material on the FGD wire were run under varying cond itions . 
S ince fresh material is cont inuously be ing brought before the detector , 
the time required to complete a scan is immaterial ; there is no effect ive 
decay of the gamma source . It is f or this reason that a s ingle channel 
analyzer can be employed instead of the more complex mult ichannel analyzers . 
A typical gamma scan of the PGD wire is shown in F igure 30 . The gamma 
energies of the large peaks are ident if ied . Scans were run during the 
operation of several d ifferent tests , at various f lows and at d ifferent 
wire speeds . Table VI is a l isting of all the gamma energies observed 
dur ing these scans , and the number of scans on which they were observed . 
F ive of the peaks l isted were very prominent under most cond itions , namely,  
those at 0 . 030 , 0. 098 , 0 . 193 ,  0 . 601 and 0. 827 Mev .  No s ignif icant gamma 
peak was ever found with ene rgy greater than 1 . 02 Mev ,  although several 
scans at the higher energies were run . This fact made it poss ible to 
eliminate a number of isotopes having gamma energies above 1 . 0  Mev.  The 
s ignif icance of being able to resolve any gamma peaks at all should not 
be overlooked ; attempts to  count gross f iss ion products in this ran�� of 
half-l ives usually produce a smeared-out spectrum across the entire energy 
span . So some degree of separation has been obtained . 
9 
8 
t 7 
� 6 
2 
� 
ffi 5 
a. 
� 
5 4  
0 
u 
3 
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F ig .  30. A Typica l Gamma Scan on the F ission Gas Detector. 
TABLE VI 
GAMMA ENERGY PEAKS OBSERVED ON THE FGD WIRE 
Energy 
0. 098 
0 . 1 93 
0 . 281 
0 . 352 
0 . 601 
0 . 827 
Average 
Deviat ion 
:!: 0 . 005 
: 0 . 002 
+ 0 . 002 
:!: 0 . 002 
:!: 0 . 002 
+ 0 . 006 
+ 0 . 009 
:!: 0 . 02 
Number of 
Observations 
15 
25 
15 
2 
4 
28 
26 
3 
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The cond it ions under which the gamma energies in Table VI  were 
obtained will be important in determining the is otope which emitted them . 
F h . 1 . 1 h . . II 1 1  or t e present , however ,  we w L  1 s Lmply p ace t e restrLctLon on a 
nucl ides l isted in Table V as pos s ible species be ing counted , that the ir 
gamma spectra if known should not conf lict with t�e measured gamma 
energie s . This would not necessarily mean that these nucl ides were not 
present on the wire , but only that the ir contribution t o  the total count 
rate was small compared to the peak-producers . When the nuclides of 
Table V are examined on this bas is , the following species can be e l tm-
inated a  bromine-84,  85 and 87 ; bromine-84m , rubid ium-89 , yttrium-94 ,  
molybdenum.lOl , ruthenium-107 , xenon-138 , barium-142 and praseodymium-
147 ,  This leaves 25 nuclides to  be cons idered . 
3 .  Pred ict ion of PGD Count Rate 
The constant or nearly-constant f iss ion product release rate of 
the fuel sample s involved in this study has already been menti oned . How-
ever , this does not imply that all f iss ion products are released equally 
well , or that there might not be a delay from the t ime of fission unt il 
the f iss ion product leaves the fue l sample . It is apparent that there 
could not be a very long de lay between or iginat ion and release , because 
of the short half-l ives of the nucl ides appearing on the PGD wire . As a 
f irst approximat ion , we will assume that there is no delay or holdup of 
f iss ion products in the sample . This will be true if the f iss ion product 
act ivity is produced ent irely by direct recoil int o the coolant of f iss ion 
nucle i from f is s ioning atoms at the surface of the fuel , I� 'thet"'E\'1 is an 
add it ional component of the f iss ion product act ivity from slow diffus ion 
of atoms generated in the interior of the fuel sample , then the Fission 
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Gas Detector will  be relatively insens itive to these isotopes because of 
their longer half-l ives .  Fast diffusion of atoms from the interior will  
contribute to the count rate in the same manner as  direct recoils . 
The release rate of a fuel sample is  def ined as the per cent of a 
given isotope formed by fission which escapes from the sample . The absolute 
release rates for the fuel samples being tested in the Oak Ridge Research 
\ 
Reactor are not known ; but if some estimate of the relative release can be 
made , then the relative count rates of nucl ides collected on the wire can 
be determined . For purposes of calculation , the following release rates 
1� will be  used , relative to strontium as 1 : 00 :  tellurium , 150 ; bromine 
and iodine , 100 ; xenon and krypton , 35 ;  rubidium ,  ruthenium , and cesium , 15 ; 
antimony and tin ,  undetermined ; stront ium , barium and all others , 1 . 0 . This  
l i sting assumes that al l isotopes of a given element are released equally 
well . It is unfortunate that none of the mass chains containing tel lurium 
as a predecessor have sh�rt-l ived ( iodine) daughters ; also , the half-l ife 
of the tellurium isotopes is generally not short , and it is an unsuitable 
predecessor from that standpoint . Therefore it is improbable that isotopes 
from the tel lurium chains will  be observed by the FGD ,  even though they are 
known to be present in high concentration.  
After an atom has migrated out of the fuel material , it  still  has to 
traverse over 40 feet of piping before it reaches the FGD collection chamber . 
The less volatile isotopes have shown a tendency to "plate out" on the piping 
before they reach the FGD.  This does not occur to the rare gases , but plate-
out of ruthenium (of the elements just mentioned) is especially high. However ,  
ruthenium does not occur as a predecessor to  any of the nucl ides remaining to 
be considered . Further discussion of the plateout problem will  be deferred 
1 18  
until the next section.  
We can now describe the FGD count rate as  a combination of 6 terms : 
( 1 ) the number of predecessor atoms released from the fuel •ample per 
minute ; ( 2 )  the number of ions formed by decay of the predecessor which 
reach the collection chamber ;* ( 3) the collection efficiency of the wire ; 
(4) the disintegration rate of the material col lected by th� wire ; ( 5) the 
counting eff iciency of the detector ; ( 6) the decay characteristics of the 
nucl ide . Of these terms , ( 6) will depend on the decay scheme of the ex-
pected isotope , ( 5) can be dete�ined from the cal ibration of the detector , 
and ( 3) was determined by the count rate - voltage and count rat� - flow 
measurements .  Term ( 1) , the number of predecessor atoms released , we will 
designate by the letter R ;  then we can write , 
where 
R = 60 GYEQ 
R = number of atoms of a given nucl ide escaping the fuel per second . 
G = number of fissions in the fuel sample per second ( assumed to be 
constant) .  
Y = fission yield for the nucl ide considered . 
E = absolute release rate for strontium isotopes , in atoms released 
per atom formed . 
Q = relative release of nucl ide in question as compared to strontium. 
Now we need to compute the number of these predecessor atoms which 
f orm ions by the time they reach the collection chamber. Comparing the 
table of isotopes expected on the wire with the mass chains from which 
they were derived , we see that certain of these nuclides have two or more 
*Term ( 2 )  can be derived from term ( 1) ;  however ,  the two terms can­
not be written as factors whose product will give term ( 2 )  in every case.  
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predecessors . S ince the trans it time from the fue l sample to the collec-
tion chamber is rather short , these predecessor chains must be taken into 
account . In order to do this the correct yield of the predecessors must 
be kn01m. The early members of a decay chain are produced directly from 
f iss ion ;  in add ition , all nuclides in the chain except the f irst are pro-
duced by decay of preced ing members . The last members of a chain are pro-
duced almost entirely from decay of predecessors . This is illustrated by 
mass chain 141 ,  which �as been well worked out . The f irst three members of 
the chain are produced d irectly from f iss ion, with barium-141 having a 
yield from fiss ion and decay of predeces sors of 6 . 3  per cent . The last 
three members of the chain arise almost solely from decay of barium-141 . 
Barium-141 is the is otope in this chain which will appear en the wire , but 
only the fraction which does not arise from d irect f is s ion will be counted . 
The f irst member of the chain is xenon-141 , with a yie ld of 1 . 33 per 
cent arising wholly from f is s ion .  This decays to ces ium-141 , whose yield 
is augmented by d irect f ission .  Ces ium-141 is the predecessor of the iso-
tope expected on the wire , and has a total yield of 4 . 6  per cent . It is 
the number of ions formed by decay of ces ium-141 that we wish to calculate ; 
this will be equal to the number of bar ium-141 atoms formed . Cons ider the 
decay chain ,  a C.a ) b Ab ) c Ac )' • When the d ifferent ial equations 
f or growth of daughters from decay of a parent are 
(which is 
ao [= 
barium-141 in 
c = co a· 
Act 
Aa 
this 
+ 
Ab 
Xb- Aa Xc- i\� 
+ 
case) is given by , 
bo 
Ab (e- Abt 
i\c- Xb 
e- Aat + ;\a N.- Xb 
A a Ab 
.>ta. A c Ab-Xc 
solved , the amount of c 
_ e- Act) + 
Ab - Abt • 
1\.c� Xb e 
a· �ctJ 
where 
ao = 
bo = 
co = 
Aa , 
amount of a 
amount of b 
amount of c 
by decay of 
Ab and Ac 
a ,  b and c.  
at time 
at t ime 
at time 
a and b 
are the 
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0 <=C= release rate of a per second) 
0 <=C= release rate of b per second ) 
0 ( = o ,  s ince only the amount of c formed 
is be ing cons idered) ,  and 
rad ioact ive decay constants for decay of 
The time t to be used in the equation is the delay t ime from the fuel 
sample to  the FGD collect ion chamber .  From this equat ion and a knowledge 
of the yields of a and b and the decay constants Aa, A b and A c , the 
number of predecessor ions formed can be calculated ; or more correctly , 
instead of the y ields we should employ the factor R previous ly def ined for 
the release rate of each predecessor nucl ide . The equat ion would then be-
come 
c = Rb 
.Ab (e-).. bt - e-). ct ) + Ra [ Xc- Ab 
A a Ab - .Abt + Aa- .X b A.c-A b e 
As. 
Ab- Aa 
A a 
Aa- Ac 
Ab 
Ac ... Aa 
Ab 
i\b- A c 
- .Aat e + 
e
- A.ct ] 
Where only a s ingle predecessor is known , that is , when we are 
interested in the amount of b formed , then the growth-rate equat ion be-
comes 
b = 
where the symbols have the same meanings as before , and b is the amount 
of "b" formed only from decay of a predecessor .  We are now in a pos it ion 
to state the quant ities involved in term ( 2) , which we shall designate 
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by the letter U :  
where 
U = P { 1-D) B F 
U = concentrat ion of ions of the expected isotope which are 
present at the collect ion chamber ,  in ions per SCF . 
P = plateout factor = fraction of atoms escaping plateout between 
fuel sample and FGD � 1 . 0  for all mass chains cons idered . 
D = recombinat ion factor = fract ion of ions of expected is otope 
which recombine before reaching the collect ion chamber . 
B = number of ions of an expected nucl ide which are formed between 
the fuel sample and the collect ion chamber .  This factor depends 
on the values of b or c ,  which in turn depend on the values of 
R for each predecessor nuclide . 
F = total a ir flow over the sample , SCFM. 
The plateout factor has already been ment ioned ; plate out is not known to 
be a ser ious problem for any of the elements exist ing as predeces sors for 
the FGD system with the poss ible except ion of iod ine . The recombin�t ion 
factor can be est imated from a knowledge of the ion concentrat ion in the 
exit air system. 
The recombinat ion rate of ions is given by the equat ion , 133 
dn+ dn-
dt = dt = a n+ n_ where n+ and n_ are the dens ity of the pos itive 
and 
and 
negat ive charges ( ions per cm. 3) ,  a is the recombinat ion coeff icient 
dn+ 
dt is the number of recombinat ions per cm.
3 per second . In air , 
a is about lo-10 cm. 3 per second when the negat ive charges exist as elec-
trona . Pos it ive ion and electron concentrations will , of course , be equal 
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( n+ = n_) s ince they are formed as pa irs . The i onic concent�at ion can be 
determined from measurements of the act ivity of the FGD sample l ine s ; this 
reaches a maximum of 0 . 1  roent gen per hour . The act ivity ins ide the l ines , 
then , should not exceed 1 0  roentgens per hour . A roent gen is def ined as 
the amount of rad iat ion which will produce one e le ctrostat ic unit of charge 
in a cub ic cent imeter of a ir .* Using this value , we can cal cul ate the ions 
per cm. 3 of the FGD sample l ine a ir :  
1 0  roent gens/hr . = 10 e su/cm . 3/hr . = ---
1
�
0
� esu/cm. 3/se c .  3600 
' 
3 10 atoms ionized/em. /sec .  = n+ = �3�6�0�0- x ----�1��� esu/cm. 3/se cl .  x 
4 . 8  x 1o-1 0 
electrons/esu 
Recomb inat ions per second = 
34 F�act ion recomb in ing per second = ----�--�-5 . 8 i 106 
= 5 . 8  x lo-6 
This w il l  be the init ial rate of rec ombinat ions ; as the ion concentrat ion 
builds u p ,  the recombinat ion rate will r ise unt il equ il ibr ium w it h  ion 
product ion is e stabl ished . S ince the t ime from t he  fue l  spe c imen t o  the 
col le ct ion chamber is  re lat ive ly short , the f ract i on of ions rec omb ining 
wil l be smal l . In  1 0  second s ,  only 5 . 8  x 10-5 of the ions formed ( 0 . 0058 
per cent) will have recombined . Thus the factor D in the equat ion f or U 
will be � o .  
*This def init ion strictly appl ies only to e lectromagnet ic rad iat ion ,  
but is commonly used for mixed gamma and beta rad iat ion f ields . 
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This puts into expl icit form all of the factors inf luencing the 
count rate except (4) , the d is integration rate of the material collected 
on the wire . If the number of ions of a nucl ide b collected per cent i-
meter of wire is Nb ( calculated from the wire s peed , wire voltage , air 
flow and ion concentrat ion U) then the number of atoms remaining after 
the t ime T required for the wire to reach the counter is given by 
Nbe
-i\ bT , where Ab is the decay constant of b .  Then the dis integrat ion 
rate of b is obtained by multiplying the number of atoms t imes the decay 
constant . Thus , d = At>Nbe -A bT where d = d is integrations per minute of 
mater ial on each em. of wire , and Ab = decay constant of b in minutes-1 • 
The total count rate of each expected nucl ide as a funct ion of all 
the variables we have d iscussed will be examined in the next chapter.. At 
the present , we wish to isolate those factors which will cause one expected 
nucl ide to d iffer from another in count rate . The f ollowing assumptions 
will be made s 
1 .  Relat ive release rates are to be used as previous ly given . 
2 .  The variat ion in detector response with gamma ray energy is 
ne glected . 
3 .  Any variable not appear ing in the equat ion below is as sumed 
to be constant, including term ( 6 ) , the gamma branching ratio . 
With these assumptions , the count rate for any expected nucl ide w ith a 
s ingle predecessor will be given by , 
count rate = K .A e- AT • 
where 
K is a constant , the same for all nuclides . 
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A is the decay constant for the expected nucl ide . 
T is the t ime required for the FGD wire to move from the collect ion 
chamber to  the detector.  
Q is  the relat ive release rate of the predeces sor nuclide , with 
strontium isotopes set at 1 . 00 .  
Y is  the fiss ion yield of the predecessor ,  in per cent . 
i\a is the decay constant of the predecessor. 
t is the t ime required for � to travel from the fuel sample to the 
collection chamber . 
When more than one predecessor is present , the expression is more 
compl icated : 
A- ).. a 
- .A at e + 
>.a - A  
Ab < -.X bt - .At> ------�--- e - e + .A - )..b 
A a 
Here , the subscripts a and b refer to th� f irst and second predecessors , 
respect ively .  Us ing the two equations we have just  described and solving 
for count rate/K , we can get an ind icat ion of the relat ive count rates 
for the various expected is otopes . In these equat ions the values of T 
and t will  be known from the operat ing cond it ions of the test ing system; 
the )\ • s  and the measured f iss ion yields can be f ound in the data from 
Nucleonics . In giving the f is sion yie lds in Table IV , the measured yields 
are underl ined . A number of add itional value s f or fiss ion y ield can be 
found in the tabulat ion by Blomeke ; 126 these are based on theoret ical 
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134 cons iderat ions advanced by Glendenin and coworkers . The remainder of 
the f iss ion yields were determined by a graphical process which is de-
scribed in Append ix I .  Yields determined in this manner are indicated in 
Table IV by being in parenthes is . 
The results of the calculat ions just described are shown in Table 
VII for a s ingle value of T and t .  The value of T was set at 2 . 0  minutes , 
which corresponds to a wire-drive motor speed of 2 RPM . The value of t ,  
2 .8  seconds , corresponds to an air flow of 1 . 30 SCFM . The half-l ives for 
each isotope are l isted ; most of these were taken from the Tril inear Chart 
of the Nucl ides , 130 but a few values are from the decay chain data of 
Nucleonics •
123 Where the only half-l ife 1 isted was "short" , a value of 1 
second was used . A relative release rate of 1 was used for t in and anti-
mony is otopes . The case of mass chain 91 is somewhat unusual ; the pre� 
decessor , krypton-91 , can presumably branch into the two isotopes rubidium-
91  and rubidium-9lm ,  �oth of which are known . This branching is shown in 
Blomeke , 126 but the branching rat io is not given . However ,  the branching 
is not shown in the Nucleonics tabulat ion,  and the short half-l ife rubidium 
is omer is specif ied . In any event , the branching ratio is unknown . 
The value in the last column of each part of the table represents 
the relative d is integrat ion rate of that nucl ide . The s ignif icant detec-
tion level for isotopes will be set at 1 . 00 ,  s ince most of the values below 
1 .00 are quite low. Examinat ion of the table on this bas is shows that all 
of the chains with tin and antimony predecessors have been eliminated , 
mostly because of the ir relatively long half-lives . Mass chains with even 
lonsur half-l ife predecessors were previously el iminated in setting up the 
Expected Ti A. 
Nucl ide (M in. ) (Min . -1 ) 
Kr89 3 . 2  0 . 21 6  
Kr90 0 . 55 1 .25 
Rb91 14 0 . 0495 
Rb91m 1 .67 0 . 415  
sr95 0.7  0 . 99 
Nb99 2 .4 0 . 289 
Tc104 18 0 . 0385  
TelOS 10 0 . 0693 
sb1 30m 7 0 . 099 
Sb1 31 22 0 . 0315  
Sb l32 1 . 9  0 . 364 
Te l33 2 0 . 347 
Te l33m 63 o . on 
Te 1 34 44 0 . 0157 
xe l 37 3 . 8  0 . 182 
xe l39 0 . 684 1 . 01 
cs 140 1 . 1  0 . 630 
P r148 2 . 0 0 . 347 
TABLE VII 
PREDICTED RELATIVE COUNT RATE 
PART I :  NUCLIDES WITH A SINGLE PREDECESSOR 
Predeces s or A a A a 
Nuc l ide ( Se c .  -1) (M in . - 1 ) Q 
Br89 0 . 154 9 . 24 100 
Br90 0 . 433 2 6 . 0  100 
Kr91 0 . 071 4 . 2 6  35 
Kr91 0 . 071 4 . 2 6  35 
Rb95 -0. 7 42 15 
zr99 0. 0198 1 . 188 1 
M o104 0 . 007 0 . 42 1 
Mo105 0 . 007 0 . 42 1 
snl 3
° 0 . 00444 0 . 266 1 
snl31  0 . 0034 0. 204 1 
sn1 32 0 . 00525 0. 315 1 
Sb133 0 . 0028 0. 168 1 
Sb133 0 . 0028 0 . 1 68 1 
sb1 34 0. 0154 0 . 924 1 
I1 37 0 . 0315 1 . 89 1 00 
1 1 39 0 . 256  1 5 . 36 100 
xe140 0 . 0433 2 . 60 35 
ce 148 0 . 0165 0 . 990 15 
y 
3 
1 . 7  
3 . 45 
3 . 45 
1 . 6  
4 . 3 
1 . 2 
0 . 6  
2 . 0  
2 . 6  
3 . 4  
4 . 0 
4 . 0  
3 . 0  
4 . 9  
1 . 8  
3 . 8  
1 . 7  
P red icted 
Count Rate 
14 . 6  
1 1 . 8  
o .• 974 "-B ranching rat io 
3. 91 11::"' unknown 
2 . 74 
0 . 037 
8 . 3  X 1 0-4 
1 . 0  x lo-4 
2 . 0 x 1o- 3  
7 . 3  x 1o-4 
8 . 9  x 1o- 3 
5 . 4  x 1o-3 
3 .4 x 1o-4 
1 . 93 x 1o- 3  
5 . 21 
12 . 0  
2 . 22 
1 . 98 
.... '-> 0\ 
-
.-4 
I - • 
'tJ . � 
Cl) Q) � .... 
.IJ 'tJ  •..I ::t: tl •..t ::t: -8.� - C) 
>< ::I ...;N .-< fll Z E-t 
Rb90 2 . 74 0 . 253 
sr93 8 .2 0 . 0845 
sr94 1 .3 0 . 533 
y95a 10 . 5 0 . 0660 
cs139 9 . 5  0 . 0729 
Ba141 18 0 . 0385 
Bal42 6 0 . 1155 
La143a 19 0 . 0365 
TABLE VI I (CONTINUED) 
PART I I .  NUCLIDES WITH 'l'WO PREDECESSORS 
... ... 0 0 
co CD 
co - co -
Q) .-4 Q) .-4 0 Ill I 0 .0  I 
Q) - . Q) - . 'tJ � . CJ 'tJ � . 0 
Q) Q) 0 Cl) Q) Q) 0 Q) 
S.. 'tJ Q) (IJ S.. 'tJ Q) (IJ 
P., •..t (IJ - p.. .... (IJ -.-4 - .-4 -
.IJ C) .0 'tJ C) .0 co ::I .-<IN .-< � ::I r<IN ..-<. .-4 Z  E-4 C'4 Z  E-t 
Br90 1 . 6  0 . 433 Kr90 33 0 . 0210 
Kr93 2 . 0  0 . 346 Rb93 5 . 6  0 . 124 
Kr94 1 . 4  0 . 495 Rb94 2 . 9  . 0 . 239 
Rb95 ( l )b 0 . 693 sr95 42 0 . 0165 
1 139 2 . 7  0 . 257 xe1 39 41 0 . 0169 
xe141 1 . 7 0 . 408 cs141 25 0 .0277 
xe142 1 . 5  0 . 462 cs142 60 0 . 0116  
xel43 1 0 . 693 Bal 43 13 0 . 0533 
.IJ 
� 6 
0 
.-4 
'tJ Ill 
Ill Q) .IJ .IJ 0 
)4 O E-4  .... 
I 'tJ Q) 
Ill Cll .0 Q) .IJ .0 ... Cll 0 � 0 >t P.. C::: 
100 1 . 7  35 3 . 3  6 . 92 
35 0 . 48 15 3 .9 20. 8  
35 0 . 10 15 2 . 8 20. 4 
15 1 . 6  1 3 . 1 2 . 90 
100 1 . 8 35 3 . 6  44 . 3  
35 1 . 33 15  3 . 3  3 . 87 
35 0 . 35 15  3 . 0  3 . 89 
35 0 . 051 1 3 . 0  0 . 454 
�hese nucl ides have three predecessors ; one of the predecessors in each case is assumed to have 
zero half-l ife .  
b Half-l ife unknown; 1 second assumed . 
...... 1\J -...1 
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prel iminary criteria for examining the decay chains . The remaining mass 
chains have e ither rare gas , halogen or rubidium predeces sors , with the 
except ion of mas s chain 148 . 
Unf ortunately , the re l ative dis integration rates are not widely 
enough separated to reduce the number of expected isotopes greatly. This 
is  espec ial ly true in view of the cons iderabl e uncertainty present in the 
relative release rates and in the assumption that there is no plateout of 
the predecessor isotopes . Thus the decay of the material col lected on the 
wire will be the result of several components decaying s imultaneously. 
Al s o ,  none of the nuc l ides with high rel ative count rate has a half l if e  
greater than 30 minutes , although the decay curves contain at l east one 
component with a half-l ife greater than 30 minutes .  
B .  Half-Life Measurements 
The decay of material col lected on the Pission Gas Detector wire 
can be fol lowed by stopping the wire and continuing to count the act ivity 
within the shield . The gross activity decay can be f ol l owed on the log 
count rate meter.  The decay of a s ingle nucl ide on thi s recorder produces 
a l inear count rate decrease ; the observed decay curve was not l inear , 
s ignifying the presence of two or more nucl ide s on the wire . In view of 
the l arge number of nuc l ides predicted to be present on the wire , no 
attempt was made to resolve the gros s count rate curve . However ,  the decay 
at various energy value s could be followed by using the l inear count-rate 
meter. This was done by placing the l inear count rate meter in the 
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Differential , Internal pos ition and sett ing the des ired energy on the 
Pulse-He ight Setting d ial . The scale selector and window width were ad-
justed t o  give a count rate near 100 on the Brown Recorder chart . Then 
the wire drive was stopped and the decay at the selected energy f ol lowed . 
The decays of the four peaks most prominent at a wire speed of 2 
RPM were measured , along with the troughs adjacent to- these peaks . The 
spectrum being studied was essent ially identical t o  that of Figure 30 , 
except the peak at 0 . 193 Mev was more strongly accentuated . These decay 
curves were replotted on semi-log graph paper and graphically resolved 
into the ir component activities , us ing the method descr ibed by Friedlander 
1 35 and Kennedy . Most of these curves could be resolved , within the limit 
of experimental accuracy , into three components .  A tabulat ion of the 
half-lives found in this process for each energy examined is presented _ in 
Table VIII . In general , the half-l ives fall into three groups ; one sl ight-
ly more than 1 minute , one about 7 minutes and one about an hour . The 
average of values in these regions is given at the bottom of the table . 
The accuracy of resolution decreases with increasing half-life ; this is 
partly a consequence of the poorer counting stat istics after l ong decay , 
when the count rate began to approach background . An idea of the prec is ion 
of these measurements can be obtained from comparing the two sets of values 
found for the trough at 0 . 1 30 Mev ; two d ifferent decays were used in this 
case . In general , the accuracy is est imated to  be better than � 50 per 
cent for all half-lives , and within t 20 per cent f or the short half-l ife 
measurement . 
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TABLE VIII 
HALF-LIFE MEASUREMENTS AT VARIOUS GAMMA ENERGIES 
Per Cent of Initial 
Energy Half-Life Count Rate Due to 
(Mev) (Minut es ) Each Component 
1 .  Trough at 0 . 05 Mev 46 . 7  6 . 97 
4 . 60 17 . 83 
1 . 02 75 . 2  
2 .  Peak at 0 . 098 Mev 56 . 8  1 . 79 
6 . 56 6 . 21 
1 . 01 91 .  9* 
3 .  Trough at 0 . 130 Mev 91 3 . 45 
7 . 47 26 . 3 
1 . 08 70. 2 
4 .  Trough at 0 . 130 Mev 83 4 . 06 
9 . 72 28 . 1  
1 . 43 67 . 9  
5 .  Peak at 0 . 193 Mev 73 .2  2 . 68 
13 . 2  48 . 4* 
1 . 33 49 . 0  
6 .  Trough at 0 . 235 Mev 108 2 . 75 
a . oa 31 . 1  
1 . 26 66 . 2  
7 .  Trough at 0 . 530 Mev 60 4 . 10 
5 . 63 14 . 3 
1 . 28 81 . 6  
a .  Peak at 0 . 601 Mev 69 1 . 49 
6 .79 1 2 . 8  
1 . 12 85 . 7* 
9 .  Trough at 0 . 630 Mev 41 .7  7 .  73  
5 . 95 19 . 1  
1 . 30 7 3 . 2  
10 .  Trough at o . 760 Mev 81 . 6  4 . 25 
7 . 6  25 . 3  
1 . 21 70. 5  
11 . 
12 . 
1 31 
TABLE VIII (CONTINUED) 
Per Cent of Initial 
Energy Half-Life Count Rate Due to 
(Mev) (Minutes )  Each Component 
Peak at 0. 827 Mev 38 . 3  5 . 26 
4 . 23 59 . 3* 
0 .71 35 . 4  
Trough at 0 . 900 Meva 1 6 . 5  27 . 2  
1 . 63 72 . 8  
aDecay t oo short f or good resolution . 
Note : The half-l ife most prominent in each peak is ind icated by 
an * s ign. 
Average half-life , short = 1 . 20 :!: 0 . 11 or 1 . 2  min . ( 10 values) 
medium = 6 . 93 :!: 1 . 14 or 7 min . ( 8  values) 
long = 55 min . and 87 min . (2 groups ) 
average of both groups = 70 min.  ( 1 1 values) . 
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The reason for taking the decay of a peak and its adjacent troughs 
can be seen in F igures 31 , 32 and 33 . These are the resolved decay curves 
for the peak at 0 . 098 Mev and the troughs at 0 . 050 and 0 . 1 30 Mev. It is 
apparent that the short half-life c omponent contributes more to  the 0. 098 
Mev peak than to  the adjacent troughs . Thus , the peak energy is assoc i-
ated with a half-l ife of about 1 minute . This was conf irmed by running a 
decay at a wire speed of 9 . 3  RPM ; the peaks at 0 . 098 and 0 . 601 Mev were 
greatly emphas ized . This is put on a more quant itat ive bas is in Ta�le 
VIII , where the per cent of the decay during the f irst hour due to  each 
half-life is l isted . In every case the count rate had begun to approach 
background after one hour . The half-l ife assoc iated with each peak energy 
is ind icated in the table . 
Another type of measurement which yielded inf ormat ion on the half-
l ife of a nucl ide producing a given peak involved gamma scans at d ifferent 
wire speeds . Recall ing the effect of wire speed on count rate for a given 
nucl ide , discussed in Sect ion C ,  we have count rate - )...T = K1Te where T is 
the delay time between the col lection chamber and the counter .  Different i-
at ing this with respect to T gives d CR 
oT 
- AT '\ - )..T = K 1 e - K 1 rSe • Setting 
this equal to zero to  f ind the maximum count rate gives 1 - ,A. T =  0 or 
/\T = 1 .  Since A 0 . 693 where T� is the half l ife , we see that T = = T' 2 
Ti Thus the s ize of a peak will  reach a maximum, relat ive to the 0. 693 
other peaks , when its half-life is 0 . 693 t imes the delay t ime . Scans were 
run at 23 ,  9 . 3 , 2 and 1 RPM . These four s cans are shown in Figures 34 and 
35 . Table IX gives the re lat ive s izes of the peaks in these f our s cans , 
compared to the peak at 0 . 098 Mev as 1 . 00 .  This was the most prominent 
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TABLE IX 
RELATIVE PEAK SIZES AT VARIOUS WIRE SPEEDS 
Motor Relat ive Pred icted 
Speed Delay T ime Peak Energy Peak Absolute 
(RPM) (M inutes )  (Mev) S ize a Magnitude 
1 3 .74 0 . 030 0 . 83 0 . 357 
0 .098 1 . 00 0 . 430 
0 . 193 0 . 72 0 . 310 
0 . 601 0 . 385 0 . 166 
0 . 827 0 . 47 0 . 202 
0. 352 No peak 
2 1 . 87 0 . 030 0 . 60 0 . 382 
0 . 098 1 . 00 0 . 636 
0 . 193 0 . 38 0 . 242 
0 . 601 0 . 35 0 . 222 
0 . 827 0 . 21 0 . 1 335 
0 . 352 0 . 29 0 . 184 
9 . 3  0 . 402 0 . 030 0 . 43 0 . 137 
0 . 098 1 . 00 0 . 319 
0 . 193 0 . 28 0 . 089 
0 . 601 0 . 31 0 . 099 
0 . 827 0 . 12 0 . 038 
0 . 352 0 . 24 0 . 077 
23 0 . 1 62 0 . 030 0 . 41 0 . 131 
0 .098 1 . 00 0 . 148 
0 . 193 0 . 23 0 . 073 
0 . 601 0 . 26 0 . 083 
0 . 827 o . o8 0 . 026 
0 . 352 0 . 21 0 . 067 
aPeak at 0 . 098 Mev was set as 1 . 00 in each case . 
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peak in all scans , and the one whose half-l ife ( 1 . 20 minutes ) is best known 
from the decay data.  
Assuming the measured half-l ife for the 0 . 098 Mev peak to  be correct , 
we can obtain an estimate of the half-l ives of the other peaks . In Table 
IX the calculated values of '!.'e- AT = CR/K1 are tabulated for A =  0 . 693 1 . 2  = 
0 . 577 minutes-1 • These values are l isted as "Pred icted Absolute Magnitudes" .  
The other values in this column were obtained by multiplying the relat ive 
peak s izes by the pred icted absolute magnitudes for the 0 . 098 Mev peak . 
The results of this analys is are plotted in F igure 36 .  From the points 
plotted on this graph we see that the curves at 0. 601 and 0 . 030 Mev have 
maxima in the region covered ( 0  to 4 minutes )  while the other two energy 
curves are monotonic . This is an indicat ion that the peaks at 0. 601 and 
0 . 030 Mev decay with approximately the same half-l ife as the 0 . 098 Mev peak ,  
on the order of 1-2 minutes .  The other two peaks have longer half-l ives .  
This is in accord w ith the half-l ife measurements from decay .  Unfortunate-
ly , no decays were run on the peak at 0. 030 Mev. 
This method of determining half-life showed cons iderable promise ,  
but was l imited in this study because only a few d ifferent wire speeds 
were available . A continuously variable wire drive would all ow enough 
point s to be collected for a good curve ; a fairly good value of the half-
l ife could then be obtained by fitting the theoret ical equation to the 
curves . 
By comparing the measured half-l ives with the pred icted relative 
count rates in Table VII , we can make tentative ass ignments of gamma 
energies to certain nucl ides . Table X l ists the expected nuclides in the 
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TABLE X 
NUCLIDES IN ORDER OF PREDICTED RELATIVE COUNT RATE 
Half Life Pred icted Relat ive 
Nuclide (Minutes )  Count Rate 
Cs139 9 . 5  44 . 3  
sr93 8 . 2  20. 8 
sr94 1 . 3  20. 4  
Kr89 3 . 2  14. 6 
xe 139 0 . 684 12 . 0  
Kr90 0 . 55 11 . 8  
Rb90 2 . 74 6 . 92 
xe 137 3 . 8  5 . 21 
Rb91m 1 . 67 3 . 91a 
Bal42 6 3 . 89 
Ba141 18 3 . 87 
y95 10. 5 2 . 90 
sr95 0 . 7  2 . 74 
c8140 1 . 1  2 . 22 
Prl48 2 . 0  1 . 98 
�r less . See note on Table VII . 
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order of the ir pred icted count rates ,  for those nucl ides where this value 
is above 1 . 0 .  It is immediate ly apparent that only one nucl ide of high 
relat ive count rate has a half-life near 1 . 2  minutes , namely , strontium-
94 . The only �ther nucl ide with this approximate half-life is ces ium-140 , 
whose pred icted count rate is only 1/10 that of strontium-94. Therefore , 
the identity of the isotope producing the peaks at 0 . 098 and 0 . 601 Mev is 
suspected to be stront ium-94 .  The assignment for the other half-l ives 
found is not so clear-cut . The peak at 0 . 193 Mev appears to be of s l ightly 
longer half-life than the average for the med ian half-life region . This 
could be poss ible if the peak were due to ces ium-139 , while the background 
arose mostly from stront ium-93 .* 
Two of the rare gases with high predicted count rates have half-
l ives somewhat shorter than 1 minute . No  half-l ives were found in this 
region ,  with the except ion of a very small "tail" on the 0 . 827 · Mev peak.  
This leads to  the possibil ity that the rare gas atoms do not c l ing t o  the 
FGD wire ; that they are drawn there as ions and neutral ized , but do not 
adhere to the charged stainless steel surface . If this hypothes is is 
correct , then krypton-89 , xenon-139 , krypton-90 and xenon-137 will not 
appear in the count ing chamber in s ignif icant concentrat ions . This also  
means that the peak at 0 . 827 Mev, with a measured half-life o£ · 4 . 23 
minutes ,  would have to be ascr ibed to rubidium-90 ,  w ith  a reported half-
l ife of 2 . 74 minutes . The resolut ion of this decay curve was not as 
* It is interest ing to note in this connection that the peak at 
0 . 1 93 Mev is more variable than the others be ing studied ; it is quite 
strong at t imes , as in F igure 30 ,  but weak at other t imes , as in Figure 
34 ( 2  RPM scan) . This  would seem to ind icate that the nucl ide respons ible 
for this peak is released more strongly at certain t ime s , i .e . , after long 
irrad iat ion ,  than at others . 
- -
sat isfactory as most of the others , s o  this matchup does not seem im­
probable . 
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Of the other isotopes l isted , there is some indicat ion that barium-
141 might be detected above 0 . 827 Mev , where other low energy act ivities 
do  not mask it . The other nucl ides , rubid ium-9lm , yttrium-95 ,  strontium-
95 ,  ces ium-140 and praseodymium-148 , hav$ relatively low count rates and 
half-l ives that are close to  those of the higher count-rate nuc l ide s .  
Their presence would probably be masked by those specie s .  However ,  it 
should be recalled that of the nucl ides l isted , only barium-141 and barium-
142 have known gammas ; the count rate computed is actually proportional to 
the d is integrat ion rate or the beta emiss ion rate . The fract ion of d i s in­
tegrat ions which result in gammas can vary widely , from zero t o  more than 
1 .  This unknown fact or introduces an add it ional uncertainty into the 
assignment of gamma energy values to  specific  nucl ides . Also ,  the half­
l ife data on these nucl ides is not very rel iable . No attempt will be made 
to ident ify the longer-l ife isotopes present on the wire . A multi-channel 
analyzer would be very helpful in determining the ident ify of these con­
stituents . 
CHAPTER V 
THE QUANTITATlVE USE OF THE FGD 
A .  Determination of Absolute Release Rates 
The original purpose of the Fis sion Gas Detector was to act as a 
leak detection device which would give warning of the f irst failure of 
cladd ing material on a metal-clad fuel element . The purpose of this 
research has been to  extend this capabil ity to measure the amount of 
f iss ion product leakage from e ither a cladd ing defect or an unclad speci­
men. The des ired result is the absolute release rate for a given mass 
chain under the conditions of test operat ion . This number we have al­
ready labeled EQ in sect ion D of Chapter IV . In order to obtain an 
absolute release rate , we must identify and count some particular iso­
tope ; we have seen that with some degree of conf idence we can detect 
strontium-94 and probably strontium-93 and cesium-139 . These nuclides 
should be representat ive of the decay chains originat ing as halogens or 
rare gases , which accbunt for a large part of the f iss ion product act ivity 
given off by fuel under irrad iat ion .  
By cons idering the case of a s ingle-predecessor nuclide , we can 
describe the count rate as the product of 6 factors , analogous to the 
terms of sect ion D ,  Chapter IVz ( 1 ) The number of predecessor atoms re-
leased from the fuel sample per minute ; ( 2) the fract ion of at oms released 
which have formed ions by decay of the predecessor at the time they reach 
the collecti.on chamber ; ( 3) the col lect ion eff iciency of the wire ; ( 4) the 
d is integrat ion rate of the material collected by the wire ; ( 5) the count ing 
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effic iency of the detector for the gamma peak be ing measured ; ( 6) the gamma 
branching rat io of the nucl ide be ing counted . The case for more than one 
predecessor is somewhat more complicated , in that the f irst two terms can-
not be written as factors ; the other factors will be the same . 
Cons ider ing these factors in order ,  we recal l from section D ,  Chapter 
IV that factor ( 1 ) was given by ( 1) = R = 60 GYEQ . In this formula,  G is 
the number of f iss ions in the fuel sample per second , Y is the f ission 
yield , and EQ is the absolute release rate . The f is sion rate G can be cal-
culated from the fue l we ight using the formula , 
W X 6 . 02 X 10�3 
G = 235 X 590 X lo
-24 X � = 1 . 51 W � 
where W is the we ight in grams of uranium-235 in the sample , t is the re­
actor neutron f lux in neutrons/cm . 2/sec. , 590 x lo-24 is the f iss ion cross 
section for uranium-235 and a factor of 60 is  put in to  convert to f is s ions 
per minute . The f is s ion yield Y can be obtained from t he data tabulat ions 
mentioned ear l ier . 
P ( l  - D)  B The second term is given by, ( 2) = U = F where P is the 
plateout factor , D is the recombinat ion factor and F is the total air f low 
over the sample in SCFM . The factor B is given by , 
us ing the notat ion of the previous chapter .  For normal operat ion , the re-
combinat ion factor D will approach 0 ,  as has been shown. The plateout 
factor P should be near 1 for the isotopes of interest , but more rad io-
chemical studies of the exit air piping are needed to e stabl ish accurate 
values for this factor . The product of factors ( 1) and ( 2 )  gives the number 
of ions per standard cub ic foot of air entering the FGD chamber.  
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Factor ( 3) ,  the collect ion eff iciency of the wire , was d iscussed at 
length in sections A and B of the last chapter .  From the measurements 
presented there , an opt imum set of condit ions can be specified for FGD 
operat ion. These cond it ions are high wire voltage ( 500 volts )  and low 
air flow ( less than 1 SCFM) . Under these cond itions , the ions just enter-
ing the chamber will be drawn immed iately to the wire with a collect ion 
eff ic iency near 1 .  The wire voltage in this �egion is not critical , as 
the count rate changes s lowly with voltage . However , the count rate varies 
d irectly with air flow in this region ; thus the third factor will reduce 
to ( 3) = 1 x f .  When a lower wire voltage is des ired for some reason such 
as detector saturat ion at high voltages , then the count rate-voltage curves 
of Chapter IV can be used to obta in the fract ion of the plateau counting 
rate correspond ing tQ the voltage in use . 
The product of the three factors just d iscussed will give the number 
of ions per minute of a given nuclide be ing collected by the FGD wire . 
This will , of course , be independent of the wire speed ; to get the ion con-
centrat ion per inch of wire , we must d ivide by the wire speed . At 2 RPM , 
this is s . ss inches per minute . If we let N = number of ions per inch of 
wire , then N = ( 1) . ( 2) . ( 3) s . ss 
The d is integrat ion rate of N atoms is ob-
tained by multiplying by the decay constant , A :  dpm = AN when A is in 
minutes-1 • This is the initial decay rate of the ions as they are col-
lected on the wire . A time T of 1 . 87 minutes elapses bef ore these ions 
enter the counting shield , s o  the d is integration rate per inch of wire at 
this point is given by , dpm = ).. Ne- AT . Now ,  there are 11 inches of wire 
exposed in the count ing shield , so the total d is integrat ion rate of material 
\ - A.T 11 x >.. e- AT in the chamber is dpm = 11  x /\Ne or dpm = 5 • 55 x ( 1) • ( 2 )  • ( 3) = 
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2 A,e- AT ( 1) • ( 2 )  • ( 3) at a wire speed of 2 RPM . This treatment makes one 
important assumpt ion which has not been stated : That the half-l ife of the 
material be ing counted is long compared to the t ime the wire is in the 
count ing shie ld ,  which is 2 minutes . This , of course , is not true for 
several of the nucl ides be ing cons idered .* 
For short half-l ife nuclides , the dpm per inch as the wire enters 
the shield is dpm = )..Ne- )... T and as the wire leaves , 2 minutes later , it 
is dpm = ANe- ).(T + 2 ) . To convert this to  dpm per minute of wire ex-
posure , we must multiply by 5 . 55 .  The total d is integration rate of a given 
nuclide within the shield can be obta ined by integrat ing between the above 
l imits :  
dpm - (2 5 . 55 A Ne- A (T + t) dt = 
- {=0 
s . ss 'A Ne- AT [2 e- At dt = -s . s s Ne- A T e- At 1: 
so dpm = 5 . 55 Ne- AT ( 1 - e-2 A ) . Subst ituting for N gives 
dpm = ( 1) . ( 2) . ( 3) e- AT ( 1 - e-2 A ) . 
When the half-life is long relat ive to 2 minutes ( so that f.. is smal l ) , 
- AT "' this reduces t o  dpm = ( 1) • (2 ) • ( 3) e " 2 A ,  which is the express ion pre-
viously derived assuming no depletion of material on the wire . An error of 
about 10 per cent results from using a half-life of 7 minutes with the 
*tn Chapter IV , .section D ,  this prob lem d id not appear because only 
the d is integrat ion rate per em . of wire was cal culated . This introduces 
an error into the re lat ive count rate tabulat ions , but this error should 
be less than the uncertainty in relative release rate Q . The error will 
cause the calculated values of count rate for short half l ives to be too 
high . 
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s impl ified formula; the error increases rapidly as the half-life becomes 
- AT -2 ). shorter . Factor ( 4) can thus be written as , (4) = e ( 1  - e ) for 
a wire speed of 2 RPM .  In  general , i f  the time spent in the shield is 
des ignated by e , we can say (4) = e-
�T ( 1 - e- Ae) = dis integrat ion rate 
of mater ial in the detector shield .  
The detector eff iciency , factor ( 5) ,  has been determined experi-
mentally for cobalt-60 to be 1 6 . 3  d isintegrations per count (above 0 . 05 
Mev) . The eff iciency for the two gamma peaks of cobalt-60 , at 1 . 1 6  and 1 . 33 
Mev, can be determined from a gamma scan of tbe cobalt standard . 136 This 
efficiency determinat ion cons ists essent ial ly of measuring the area under 
the gamma peak of interest and relating this t o  the dis integrat ion rate . 
Then when a d ifferent source having the same geometry is  used, the eff ic iency 
for detection of the emitted gammas will depend only on the energy of the 
gamma . A good approximat ion for gammas above 0 . 2  Mev can be obtained solely 
from knowledge of the s od ium iod ide gamma cross section �at various energies .  
The efficiency for one of the cobalt peaks could be related t o  a gamma peak 
of d ifferent energy by this method . For more accurate work , t he effect of 
the part icular geometry of the PGD would have to be taken into account . 
This is a rather compl icated problem; elementary cases have been discussed 
by P .  R .  Be11131  and Heath. 121 The ass istance of a computer is required to 
solve any but the s implest of these calculat ions . Of course , by us ing ad-
d it ional standards other than cobalt-60 in tbe FGD geometry , the crystal 
eff ic iency for d ifferent gamma energies could be measured experimental ly. 
Note that in the case of constantly-decaying mater ial on the wire , 
that is when the half-l ife of the nucl ide be ing counted is less than �7 
minutes , the ge ometry is no longer approximated by the cobalt wire standard . 
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This is because the wire has a higher d is integrat ion rate near the top of 
the shield . One way this d iff iculty could be c ircumvented is by using a 
high wire speed , so that the decay taking place as the wire crosses the 
chamber is small ,  and determining the efficiency at this speed . Then the 
peak s ize could be exper imental ly related to  that at a slower speed . 
Another problem in the quant itat ive appl ication of peak measur ing to  yield 
eff iciency is the background created by nucl ides on the wire other than the 
one of interest . By running a decay of the peak being measured , the frac­
tion of decay due to the gamma of interest can be measured , as in Table 
VIII .  However ,  because of all the quant it ies requiring ind ividual attention 
for any given gamma, no s imple expres sion for the crystal eff iciency can be 
written . Therefore factor ( 5 ) , the fract ion of gammas emitted which are de­
tected , will be des ignated as :J C i'> , where 'r is the sod ium iod ide gamma 
cross section at the energy of interest . 
The last factor in detennining the count rate is the gamma branching 
rat io of the nuclide whose peak is be ing counted , that is , the fract ion of 
d isintegrat ions which result in a particular gamma energy . In the case of 
cobalt-60, both gammas are emitted with every d is integrat ion ;  in the maj ority 
of nuclides , however , the per cent of dis integrations produc ing a given 
gamma is less than 100 per cent and can be less  than 1 per cent . The tabu­
lat ion of nuclear data in Nucleonicsl27 gives some idea of the variations 
in gamma branching ratio for d ifferent nuclides .  Obviously , s ince the gamma 
energies for most of the expected isotopes are not known , no gamma branching 
ratios will be known. Therefore , at the present time factor ( 6) cannot be 
determined ; this lack of informat ion also produces uncertainties in nucl ide 
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identif icat ion ,  as menti oned in the last chapter . Fact or ( 6) will be 
des ignated by the letter L ,  which denotes the gamma branching rat io for 
the nuclide under cons iderat ion .  
As  our analys is of the use of FGD for determinat ion of  abs olute re-
lease rates now stands , the f irst 5 factors which influence the count rate 
can be determined ( although more exper imental work may be needed on factor 
( 5) ) ;  but no informat ion is available on the gamma branching ratios of the 
expected isotopes . When the decay schemes for these short-l ived nucl ides 
have been worked out , d irect calculation of release rates should be feas ible . 
Gathering al l of our terms into one equation gives , 
Count Rate = 90 . 6  W � Y EQ • p ( 1  - D) F 
where 
W = weight of uran ium-235 , grams . 
� = reactor neutron flux , neutrons/cm. 2/sec .  
Y = fiss ion yie ld for nucl ide be ing counted . 
EQ = absolute release rate for given nuclide = 
fract ion of atoms produced by f iss ion which escape the fuel 
material 
P = plateout fact or = fraction of atoms released f rom fuel which 
reach the collection chamber.  
D = recombinat ion factor = fract ion of  ions produced by decay of 
predecessor which recombine before reaching col lection chamber 
(C:: 0) . 
F = total air flow over fue l specimen , SCFM . 
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Aa = decay constant of predecessor , minutes-1 • 
A = � b = decay constant of expected nucl ide , minutes-1 • 
t = air flow t ime from fuel specUnen to  collection chamber , minutes . 
f = air f l ow  through the collection chamber ,  SCFM 
T = delay t ime from collection chamber to  counting shield , minutes . 
e = time that FGD wire remains within counting shield , minutes .  
J ( �) = detector eff ic iency for the gamma peak be ing counted , in 
counts per emitted gamma . 
L = gamma branching rat io = fract ion of d is integrations which result 
in a gamma of the energy being counted . 
This equation assumes high voltage-low flow operat ing cond it ions ; when these 
cond itions are not present , add itional corrections must  be made . The equa-
t ion for two predecessors d iffers from this in the exact form of terms ( 1 ) 
and ( 2) in a manner d iscussed in the last chapter .  
B .  Measurement of Release Rates as a Function of Time 
Even though the FGD cannot , at present , be used t o  give an independent 
value f or the absolute release rate , it can be used in conjunction with other 
release measurement methods such as charcoal trapping to determine release 
rates .  For this purpose it should be suff icient to monitor only the total 
count rate , as recorded by the log count rate meter .  The count rate equation 
given in t he  last secti on was for a s ingle nucl ide ; if we isolate those 
factors which are common for all nucl ides and imagine that the remainder is 
summed over all nucl ides present , we can wr ite 
f Total Count Rate = K W + -p- • EQ 
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where K is a constant under constant operat ing cond itions . Here the term 
EQ represents a quantity proport ional to total f iss ion product release for 
short half-life isotopes . This equat ion all�s bnmed iate appl ication of 
the FGD to measurement of relative f is sion product release . If  some par­
t icular test condit ion empl oying reproduc ible fuel specbnens is set as a 
standard , then the release rate for other specimens under changed condit ions 
( such as longer irrad iat ion ,  d ifferent temperature or humid ity) can be 
compared . In this sense , the FGD can measure progres s  in fuel  element de­
velopment where a reduction in fission product release is the des ired re­
sult . 
These relative release rates can be converted t o  absolute release 
measurements if the relative count rate can be shown to f ollow one of the 
components determined by charcoal trap analys is . Thus far , no attempt has 
been made to correlate the two measurements ; s ince the isotopes determined 
by charcoal trap analys is have much longer half-l ives than those found on 
the FGD , it may be that the re lease mechan isms are d iff�rent and the re­
lease rates do not follow each other. H�ever , there is a good chance that 
at least some mass chains can be measured by this technique . There is also  
the poss ibility that one of the isotopes found in charcoal trap analys is 
will correspond to the relat ive count rate of one of the gamma energy peaks 
on the FGD , instead of the gross count rate . Periodic scans under standard 
conditions will show any change in the nature of the material be ing re­
leased when total count rate is being measured . 
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C. The Use of the FGD as a Research Instrument 
The usefulness of the FGD both as a research tool and for fiss ion 
product release measurements could be greatly enhanced by making several 
changes in the system. These changes are : 
1 .  Extend the air flow control system so that flows down t o  one-
tenth those presently used would be available , or provide a 
delay tank so  that the a ir would require up to  10 time s as long 
to travel to the collect ion chamber when the tank was in the 
l ine . 
2 .  Employ a wire drive mechanism with cont inuously variable wire 
speed , remote ly controlled and measured . This should provide 
delay times from about 1 second to 1 hour or longer . 
3 . Employ a mult ichannel pulse height analyzer in the place of 
the presently installed s ingle channel analyzer .  
Consider f irst the use of long delay t imes coupled with gamma energy measure-
ments .  A delay t ime of 1 hour would allow the 1 . 2  and 7 minute components 
to decay essentially completely, and the gamma peaks remaining would be 
from longer-lived nucl ides . Now, the gamma energies and decay schemes for 
many of these longer-l ived nuclides are known , so that absolute release 
rates for some isotopes should be available . 
To examine the effect of expanded flow rates and wire speed , recall 
the factors in the count rate equat ion which involve the air trans it time t 
and delay t ime T:  
Count Rate a (e- �at - e- Abt) 
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where the problem of decay within the shield has been neglected 
and use was made of the fact that wire speed 1 (t - .  T 
This expression is for 
the case of a s ingle-predecessor nucl ide ; the more complicated case of two 
predecessors can be treated in an analogous fashion .  What we wish to  do 
is f ind values of T and t which will produce a maximum count rate for a 
given value of � a and A b • we have already seen that the term AbTe
- AbT 
reaches a maximum when �bT = 1 .  The wire speed can be adjusted to give a 
delay t ime T sat isfying this equat ion. Considering now the term dependent 
on t ,  we have 
The choice of a nucl ide will f ix the values of Aa and i\b . Differentiating 
with respect to t ,  we have 
_..a_c_R_ = 
g t  
at the maximum. 
C l\ a - ro b)t e A value of t can be f ound to  satisfy this equat ion, when 
A a and A b are given . 
As an example of how these equat ions can be used , consider the case 
of ces ium-140 ,  which is of interest because barium-140 in the same mass 
chain can be determined by charcoal trapping.  The decay constant for ces ium-
140 is 0. 630 minutes-1 • Impos ing the conditions that :A T = 1 gives :r = 
1 -
0
�
.
-
6
�
3
�
0
� = 1 . 59 minutes .  This is fairly close to  the de lay t ime at 2 RPM 
of 1 . 87 minutes . The predecessor for ces ium-140 is xenon-140 , with a de-
cay constant of 2 . 60 minutes-1 • Inserting this value of Aa with Ab = 
0 . 630 into the equat ion = eC i\ a - A b)t gives 4 . 13 = e1 • 97t s o  that 
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t = 0 . 720 minutes or 43 seconds . This value of the air trans it t ime is 
quite a bit longer than the 3 . 8  seconds used in the scans which have been 
analyzed . However , with these values of t and T made available through 
mod ification of the FGD system, the prospect of measuring release rates 
in mass chain 140 is good .  
The main advantage to be real ized from the use of a mult ichanne l 
analyzer over a s ingle channel is the ease of treat ing quant itat ive data.  
This has been d iscussed by Heath121 and other sources . A mult ichannel 
analyzer would also  permit scans of the gamma spectrum of the wire at any 
point during a decay , so  that the decay of the ent ire spectrum could be 
fol lowed at once , instead of by separate decays at isolated energy values . 
However ,  multichannel analyzers , as ment ioned previously ,  are more expen­
s ive and require more maintenance work than s ingle channel analyzers ;  they 
would be less des irable f or routine measurement of f iss ion product release . 
CHAPTER VI 
SUMMARY 
One of t he  device s which has f ound use in t he  measurement of f iss ion 
products in t he exit stre am  from a gas-cooled react or or in-pile test is 
the wire-pre c ipitat i on  P iss ion Gas Detector ( PGD) . The operat ional charac­
ter ist ics of a f is s ion gas detector of this type instal led in a test loop 
ut iliz in g  pos it i on  F-2 of the Oak Ridge Research Reactor have been stud ied 
in order t o  adapt this device t o  quant itat ive fiss ion product re lease 
measurement s . The operat ion of the FGD is as f ol l ows :  Fiss ion products 
released int o the coolant a ir will became pos it ive ly charged by emiss ion 
of a beta part icle J a sample of the air is conducted into a c olle ct ion 
chamber through which runs a ne gat ive ly charged wire . The pos itive f ission 
product ions are drawn to the w ire , wh ich cont inuous ly moves t hrough the 
chamber .  Part icle s adher ing t o  the w ire are carr ied before a sc int i l l at ion 
detector , where subsequent de cays are counted . S ince f is s ion products often 
have mult iple beta decays whi le other interfe r ing nuc l ide s have only one , 
this produces an effect ive separat ion of f is s ion products f r om  neutron act i-
vat ion products .  
Fue l s ample s  of un if orm release rate were used t o  obtain d ata on the 
response of t he FGD with w ire voltage , sample a ir f l ow  and w ire speed . At low 
voltage the count rate is l inear w ith w ire voltage ; as the voltage increases 
-K ·TV an equati on o f  the f orm , c ount rate = K1e � ·  is f ollowed ; at about 200 
volts the count rate re ached a plateau and d id not increase as the voltage 
was raised f urthe r . At l ow  wire voltage and high a ir f l ows ( about 2 SCFM) 
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the count rate was independent of air flow; at high voltages and low f lows 
( less than 1 SCFM) the count rate is directly proport ional to the flow. 
Between these extremes the count rate follows the equat ion , count rate = 
-C2 {F C1Fe • The count rate-wire speed measurements gave a curve which was 
c l  ...c2;s . approximated by the equat ion , count rate = -g-- e where S is the wLre 
speed . 
The gamma spectrum and decay of material on the FGD wire were deter-
mined under varying cond it ions , in an effort to ident ify the nucl ides 
present . Lack of informat ion on the gamma energies of short half-life f is-
sion products prevented f irm identificat ion ,  but constituents with 1 . 2 ,  7 
and about 60 minute half-l ives were found . The 1 . 2  minute act ivity was 
found associated with gamma peaks at 0 . 098 and 0. 601 Mev,  and tentat ively 
identif ied as strontium-94 . Other nucl ides thought to  be major contr ibutors 
to the wire act ivity were stront ium-93 and ces ium-139 . With minor changes , 
the FGD can be adapted to  give a high relat ive count rate for any of the 
several nuclides expected to be present on the wire in moderate concentra-
tions . 
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APPENDIX 
ESTIMATION OF YIELDS FOR FISSION PRODUCT DECAY CHAINS 
The calculations presented in Table VII require that the f iss ion 
yields for the various predecessor nuclides be known. Some of these values 
have been measured ; these are presented in the Nucleonics tabulat ion123 and 
indicated in Table IV by underlining. Other yield values are l isted in 
Blomeke ; 126 these values were recommended by Glendenin and Ste inberg on 
the bas is of the "Equal Charge Distribut ion" rule . 133 From these two 
sources , cumulative yield values were found for most of the nucl ides in 
Table IV. The remaining yields were est �ted by a s hnple graphical pro­
cedure ; these are ind icated in the table by parentheses . The graphs used 
for this purpose are shewn in Figures 37 through 39 . On these graphs are 
plotted the known f iss ion yields versus the mass number for a number of 
different elements . By simple extrapolat ion of the curves where no yie lds 
are known, either to parallel a measured e lement or as an extens ion of in­
complete data , the yields of unmeasured nucl ides can be estimated . 
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